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SUMMARY 
The term “sustainable health” means “a healthy and active aging avoiding the risk of 
diseases”. The fast-growing population, the increasing need for nutritionally correct 
diets and the depletion of food sources suppose an immense challenge for the global 
food system. In order to increase the eco-sustainability of the food processing industry, 
it is necessary to exploit co-products before they become wastes. The coffee industry is 
responsible for the generation of large amounts of residues that represent a pollution 
hazard if discharged into the environment. Dealing with these coffee waste recovery is 
of great importance to combat hunger, raise income and improve food security in the 
world’s poorest countries.  
The aim of the present PhD thesis was to validate the feasibility of coffee by-products 
(husk, parchment, silverskin and spent coffee grounds) as novel food ingredients for a 
sustainable nutrition and health following the Regulation (EU) 2015/2283. The 
nutritional composition and safety of coffee cherry by-products generated in producing 
countries (husk and parchment) were addressed. Further characterization, safety, 
nutritional value and health implications of ingredients from coffee by-products obtained 
worldwide (coffee silverskin and spent coffee grounds) were studied. The health 
promoting properties of isolated biomolecules from the latter were also evaluated.  
By-products from coffee cherry processing were submitted to aqueous extraction, which 
is sustainable and easy to scale-up, for generating ingredients avoiding new wastes. Husk 
and silverskin were proposed as a source of two food ingredients: an aqueous extract 
enriched in phytochemicals and antioxidant dietary fiber. In contrast, parchment was 
proposed as a single source of antioxidant dietary fiber. Husk, parchment and silverskin 
resulted safe since the absence of pesticides, mycotoxins and lethal effects was observed 
in rats treated with by-products at 2000 mg/kg b.w.  
Coffee silverskin extract (CSE) did not show cytotoxicity or genotoxicity. It also showed 
preventive effects against induced oxidative DNA damage. Results from the nutritional 
characterization of CSE showed that it might be considered a source of proteins (16 %), 
low in fat (0.44 %) and high in fiber (22 %). It can also be considered source of 
potassium, magnesium, calcium and vitamin C. Oral administration of CSE at a dose of 
1 g/kg for a period of 28 days was not toxic to rats. Diet supplementation with CSE had 
no negative effects in hormone secretion, antioxidant or anti-inflammatory biomarkers. 
Total short chain fatty acids (SCFAs) derived from CSE fiber fermentation were 
significantly higher (p < 0.05) in male rats compared to male control rats.  
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The absence of mycotoxins and toxicity was also reported in spent coffee grounds 
(SCGs). A total of 77 % of unsaturated fatty acids and low amounts of kahweol (7.09 
μg/g) and cafestol (414.39 μg/g) were bioaccessible after in vitro digestion. A 
significantly lower (p < 0.1) accumulation of lipids in the liver and a higher excretion of 
them in feces was found in rats treated with SCGs for 28 days. No lipid droplets or liver 
damage were observed by histology. SCGs acutely accelerated intestinal motility in rats. 
SCGs might be considered a sustainable, safe, and healthy food ingredient with potential 
for preventing hepatic steatosis due to their effect as dietary fiber with a high fat-holding 
capacity.  
Multifunctional biomolecules for food industry, a fraction enriched in melanoidins, were 
isolated from CSE and SCGs and they showed antioxidant properties against oxidative 
stress induced in human colon cell lines. In addition, the fiber effect of melanoidins 
isolated from CSE was studied in vivo in healthy male Wistar rats. The isolation process 
was effective in obtaining a high molecular weight fraction, composed mainly of dietary 
fiber, including melanoidins. This fraction was administered to animals in the drinking 
water at a dose of 1 g/kg and after 28 days, no signs of toxicity were observed and 
gastrointestinal motility was significantly accelerated (p < 0.05) compared to the control 
group.   
In conclusion, findings derived from the present PhD thesis confirmed the feasibility of 
using coffee by-products as novel food ingredients. The most preferred application for 
coffee husk and silverskin is as two food ingredients for human consumption. However, 
parchment is proposed to be used directly for plastic replacement in intelligent food 
packaging. The high molecular weight fraction enriched in melanoidins isolated from 
coffee silverskin can be used for technological (natural colorant) or for nutritional and 
health (dietary fiber effect) purposes. The most efficient use of instant SCGs seems to 
be as a food ingredient high in dietary fiber. Crucial data for the application of the Novel 
Food Authorization for husk, CSE and SCGs to the European Commission have been 
obtained in this investigation. The present investigation represents a significant 
contribution to the sustainability of the coffee industry and to achieve a sustainable 
nutrition and health.  
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RESUMEN 
El término "salud sostenible" significa "un envejecimiento saludable y activo que 
previene el riesgo de enfermedades". El rápido crecimiento de la población, la creciente 
necesidad de dietas nutricionalmente correctas y el agotamiento de las fuentes de 
alimentos suponen un desafío inmenso para el sistema alimentario mundial. Para 
aumentar la sostenibilidad de la industria alimentaria, es necesario explotar los co-
productos antes de que se conviertan en desechos. La industria del café es responsable 
de la generación de grandes cantidades de residuos que representan un peligro de 
contaminación si se desechan al medio ambiente. Buscar nuevas aplicaciones para estos 
desechos es de gran importancia para combatir el hambre, aumentar los ingresos y 
mejorar la seguridad alimentaria en los países más pobres del mundo. 
El objetivo de la presente tesis doctoral fue validar la viabilidad de los subproductos del 
café (cáscara, pergamino, cascarilla y posos) como nuevos ingredientes alimentarios 
para una nutrición y salud sostenible siguiendo el Reglamento (UE) 2015/2283. Por un 
lado, se analizó la composición nutricional y la seguridad alimentaria de los 
subproductos de la cereza del café generados en los países productores (cáscara y 
pergamino). Por otro lado, se estudió la composición nutricional y seguridad alimentaria 
de los subproductos del café obtenidos en los países consumidores (cascarilla y posos). 
Finalmente, se realizó una evaluación de las propiedades beneficiosas para la salud de 
las biomoléculas aisladas de los estos últimos. 
Los subproductos del procesamiento de la cereza de café se sometieron a extracción 
acuosa, que es sostenible y fácilmente escalable, para generar ingredientes evitando la 
generación de nuevos desechos. La cáscara y cascarilla se propusieron como fuente de 
dos ingredientes alimentarios: un extracto acuoso enriquecido en fitoquímicos y fibra 
dietética antioxidante. Por el contrario, se propone el uso del pergamino como una única 
fuente de fibra dietética antioxidante. La cáscara, el pergamino y la cascarilla resultaron 
seguros ya que se observó la ausencia de pesticidas, micotoxinas y efectos letales en 
ratas tratadas con los subproductos a 2000 mg/kg de peso corporal. 
El extracto de cascarilla de café (CSE) no mostró citotoxicidad ni genotoxicidad. 
Además, mostró efectos preventivos contra el daño oxidativo inducido en el ADN. Los 
resultados de la caracterización nutricional de CSE mostraron que podría considerarse 
una fuente de proteínas (16 %), baja en grasas (0,44 %) y alta en fibra (22 %). También 
puede considerarse fuente de potasio, magnesio, calcio y vitamina C. La administración 
oral de CSE a una dosis de 1 g/kg durante un período de 28 días no fue tóxica para las 
ratas. La suplementación dietética con CSE no tuvo efectos negativos en la secreción 
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hormonal, biomarcadores antioxidantes o antiinflamatorios. Los ácidos grasos de cadena 
corta (SCFAs) totales derivados de la fermentación de la fibra de CSE fueron 
significativamente mayores (p < 0,05) en ratas macho en comparación con las ratas 
macho control. 
La ausencia de micotoxinas y de toxicidad también se confirmó en los posos de café 
(SCGs). El 77 % de ácidos grasos insaturados y bajas cantidades de kahweol (7.09 μg/g) 
y cafestol (414.39 μg/g) fueron bioaccesibles después de la digestión in vitro. Se 
encontró una acumulación significativamente menor (p < 0,1) de lípidos en el hígado y 
una mayor excreción de estos en las heces de ratas tratadas con SCGs durante 28 días. 
No se observaron gotas lipídicas ni daño hepático. Los SCGs aceleraron de forma aguda 
la motilidad intestinal en ratas. Los SCGs pueden considerarse un ingrediente 
alimentario sostenible, seguro y saludable con potencial para prevenir la esteatosis 
hepática debido a su efecto como fibra dietética con una alta capacidad de retención de 
grasa. 
Biomoléculas multifuncionales para la industria alimentaria, una fracción enriquecida 
en melanoidinas, se aislaron de CSE y SCGs y mostraron propiedades antioxidantes 
contra el estrés oxidativo inducido en líneas celulares de colon humano. Además, el 
efecto fibra de melanoidinas aisladas de CSE se estudió in vivo en ratas Wistar macho 
sanas. El proceso de aislamiento fue efectivo para obtener una fracción de alto peso 
molecular, compuesta principalmente por fibra dietética, que incluye melanoidinas. Esta 
fracción se administró a animales en el agua de bebida a una dosis de 1 g/kg y después 
de 28 días, no se observaron signos de toxicidad y la motilidad gastrointestinal se aceleró 
significativamente (p < 0,05) en comparación con el grupo de control. 
En conclusión, los resultados derivados de la presente tesis doctoral confirmaron la 
viabilidad del uso de los subproductos del café como nuevos ingredientes alimentarios. 
La mejor aplicación para la cáscara y cascarilla es como dos ingredientes alimentarios 
para el consumo humano. Sin embargo, el pergamino podría ser utilizado directamente 
para el reemplazo de plástico en el envasado inteligente de alimentos. La fracción de alto 
peso molecular enriquecida en melanoidinas aisladas de la cascarilla de café se puede 
usar con fines tecnológicos (colorantes naturales) o con fines nutricionales y de salud 
(efecto de fibra dietética). El uso más eficiente de los SCGs instantáneos es como 
ingrediente alimentario rico en fibra dietética. En esta investigación se obtuvieron datos 
cruciales para la autorización de Nuevos Alimentos para cáscara, CSE y SCGs a la 
Comisión Europea. La presente investigación representa una contribución significativa 
a la sostenibilidad de la industria del café y una nutrición y salud sostenibles. 
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1. Sustainable nutrition and health framework 
 “A healthy and active ageing avoiding the risk of diseases” is the definition for 
“sustainable health”, which can be achieved through a healthy nutrition (María Dolores 
del Castillo, Iriondo-DeHond, & Martirosyan, 2018). A sustainable nutrition and health 
is based on “sustainable diets”, defined by the Food and Agriculture Organization (FAO) 
as “those diets with low environmental impacts which contribute to food and nutrition 
security and to healthy life for present and future generations. Sustainable diets are 
protective and respectful of biodiversity and ecosystems, culturally acceptable, 
accessible, economically fair and affordable; nutritionally adequate, safe and healthy; 
while optimizing natural and human resources” (FAO & Food Climate Research 
Network, 2016).  
A sustainable and healthy nutrition is a research priority in the FOOD 2030 team of the 
European Commission, which is a European Union (EU) Research & Innovation policy 
framework that attempts to future-proof our nutrition and food systems for a sustainable 
food production and consumption. In this context, its aim is to ensure that nutritious food 
and water is available, accessible and affordable for all. This involves reducing hunger 
and malnutrition, ensuring high levels of food safety and traceability, reducing the 
incidence of non-communicable diet-related diseases and helping all citizens and 
consumers adopt sustainable and healthy diets for good health and wellbeing (European 
Commission, 2018). 
The fast-growing population, the increasing need for nutritionally correct diets and the 
depletion of food sources suppose an immense challenge for the global food system. A 
potential strategy to achieve a sustainable nutrition and health is Bioeconomy, or circular 
economy, that means “the production and utilization of biological resources, biological 
processes and principles to sustainably provide goods and services across all economic 
sectors” (Food and Agriculture Organization of the United Nations (FAO), 2018).  
In order to increase the eco-sustainability of the food processing industry, it is necessary 
to exploit co-products before they become wastes. Food losses and wastes have an 
impact on food security, on food quality and safety, on economic development and on 
the environment. Dealing with this food waste is of great importance to combat hunger, 
raise income and improve food security in the world’s poorest countries (Food and 
Agriculture Organization of the United Nations (FAO), 2011). Until a few decades ago, 
food wastes were considered neither a cost nor a benefit, they were used as animal feed 
or brought to landfills or sent for composting (Kumar, Yadav, Kumar, Vyas, & Dhaliwal, 
2017). However, to create the most benefits for the environment, society and economy, 
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FAO is currently developing a Code of Conduct (CoC) for the reduction of food loss and 
food waste and has proposed the guidance illustrated in Figure 1 (Food and Agriculture 
Organization of the United Nations (FAO), 2019).  
 
Figure 1. The food hierarchy proposed by the Food and Agriculture Organization of the United 
Nations (FAO, 2019). FLW, Food losses and waste. 
This inverted pyramid sets priorities on how best reduce food waste and save natural 
resources.  The first recommendation is to avoid generating waste in the first place. Then, 
when prevention of waste cannot be done, excess of food should be donated to people in 
need. The next option is to use food waste in animal feeding, fuel conversion, 
composting, and finally, incineration is the least preferred option. In this context, the 
present PhD thesis proposes to use food by-products as novel ingredients within the food 
sector with the final aim to contribute to a sustainable nutrition and health.     
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2. Novel ingredients for a sustainable nutrition and health  
In order to ensure the protection of human health, specific legislation (Regulation (EU) 
2015/2283) must be applied to food waste or by-products before their placement as novel 
food ingredients on the European Union market. According to this regulation, ‘Novel 
Food’ is defined as “food that had not been consumed to a significant degree by humans 
in the EU before 15 May 1997, when the first Regulation on novel food came into force” 
(EFSA Panel on Dietetic Products, 2016).  
In this context, an application processed by the European Commission is necessary for 
its authorization. First, administrative data regarding a table of contents, company or 
organization of the applicant and a contact person must be included in ‘Part 1’ of the 
application (EFSA Panel on Dietetic Products, 2016). Then, requirements related to the 
characterization of the novel food (‘Part 2’) that should be included in all applications 
are summarized in Figure 2. 
 
Figure 2. Summary of the requirements needed to be included in the applications for the 
authorization of a novel food under the Regulation (EU) 2015/2283. Highlighted sections will be 
addressed in the present PhD thesis.  
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The valorization of food wastes can be carried out through an integrated bio-refinery 
approach, in order to produce bioactive molecules for pharmaceutical, cosmetic, food, 
and non-food applications. Food waste reduction and valorization can be achieved 
through the extraction of high-value components such as proteins, polysaccharides, 
fibers, flavor compounds and phytochemicals, which can be re-used as novel food 
ingredients (Baiano, 2014). This potentially marketable components present in foods 
wastes and by-products need to be separated from the matrix through different extraction 
processes for selective extraction of the targeted components. In the end, the whole by-
product should be re-used in order not to generate any more wastes. The extraction must 
be economically feasible and must avoid microbiological hazards (Baiano, 2014). In this 
investigation, aqueous extraction processes are proposed since they are green processes 
that meet the challenges to protect both the environment and consumers. 
There is growing interest of consumers towards bioactive compounds present in foods 
that provide beneficial effects to humans in terms of health promotion and disease risk 
reduction (Kumar et al., 2017). Therefore, the incorporation of novel ingredients in foods 
could make them reach a nutrition or health claim. According to the European 
Commission, a “Nutrition claim” means “any claim which states, suggests or implies 
that a food has particular beneficial nutritional properties due to the energy (calorific 
value) it provides or does not provide; or to the nutrients or other substances it contains 
or does not contain” (The European Parliament and The Council of the European Union, 
2006). Nutrition claims are only permitted if they are listed in the Annex of Regulation 
(EC) No 1924/2006.  
Further beneficial health promoting properties of novel ingredients obtained from food 
wastes can be indicated by “Health claims”, which are any statement about a relationship 
between food and health (The European Commission, 2012). There are three types of 
health claims, function health claims, risk reduction claims and those referring to 
children’s development. The Commission authorizes submitted health claims that are 
based on scientific evidence, evaluated by the European Food Safety Authority (EFSA), 
and that can be easily understood by consumers. The list of permitted health claims is in 
the Commission Regulation (EU) 432/2012 and it is constantly updated with newly 
authorized health claims.  
The formulation of foods with nutrition and health claims containing novel ingredients 
from by-products generated from food processing is an interesting strategy to contribute 
to a sustainable nutrition and health of the world's population. 
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3. Coffee by-products as novel ingredients 
Coffee is one of the most popular beverages consumed all over the world. The most 
important plant species of the international coffee trade are Coffea arabica L. and Coffea 
canephora, which belong to the genus Coffea of the Rubiaceae family (Alves, 
Rodrigues, Nunes, Vinha, & Oliveira, 2017). To obtain the coffee beverage, 
approximately 90 % of the edible parts of the coffee cherry are discarded as an 
agricultural waste or by-product (Esquivel & Jiménez, 2012). Coffee by-products have 
attracted great attention because of their abundance and interesting chemical 
composition. 
3.1. Definition and composition 
The coffee cherry consists of an outer skin or pericarp, usually green in unripe and red 
in ripe fruits, that covers a soft and sweet pulp or outer mesocarp (Figure 3). This is 
followed by a viscous and highly hydrated layer of mucilage (pectin layer), a thin 
yellowish endocarp, the parchment; and finally, the silverskin that covers each 
hemisphere of the green coffee bean (endosperm) (Esquivel & Jiménez, 2012).  
 
Figure 3. Anatomic parts of a ripe coffee cherry.  
 
Introduction 
 
36 
 
3.1.1. Husks 
The processing of coffee initiates with the conversion of coffee cherries into green coffee 
beans, which consists of the removal of the skin and pulp using either a wet or dry 
method (Figure 4) (Mussatto, Machado, Martins, & Teixeira, 2011).  
 
Figure 4. Dry (top) and wet (bottom) processing of coffee cherries. Figure adapted from (De 
Bruyn et al., 2017).  
The dry method, commonly used in Robusta producing countries (Figure 5), is 
technologically simpler. The freshly harvested cherries are spread evenly and are dried 
for 2 – 4 weeks under the sun in yards (natural drying) or in mechanical dryers until 
moisture is below 12 %. Then, the cherries are mechanically dehusked and the skin, pulp 
and parchment are removed from the beans (Figure 4) (Alves et al., 2017; Murthy & 
Madhava Naidu, 2012). Coffee husks obtained from the dry method are composed by 
the outer skin, pulp and parchment and comprise nearly 45 % of the coffee cherry (M. 
Dolores del Castillo, Fernandez-Gomez, Martinez-Saez, Iriondo-DeHond, & Mesa, 
2019). 
In the wet process, commonly used for Arabica that is commercially more appreciated, 
the skin and pulp covering the beans are removed by a depulper (Murthy & Madhava 
Naidu, 2012). After the depulping process, the bean is still covered by the mucilage 
which is eliminated by fermentation for 24 to 72 h (Alves et al., 2017). Then, the bean 
covered by the parchment is washed, drained and dried until the moisture reaches around 
10 % (Murthy & Madhava Naidu, 2012). Finally, the parchment is removed using 
hulling machinery (Figure 4) (Esquivel & Jiménez, 2012).  
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Figure 5. Map of production of Arabica and Robusta coffee. In countries were Arabica is 
produced, the wet processing method is employed. In Robusta producing countries, the dry 
method is carried out.  
Coffee husks generated from the wet coffee processing (Figure 6) consist of the skin and 
pulp and represent 29 % dry weight of the whole bean (Murthy & Madhava Naidu, 
2012). These coffee by-products are generated in coffee producing countries and 
constitute a source of severe contamination and a serious environmental problem. For 
instance, in Colombia, one of the first producers of Arabica coffee (International Coffee 
Organization, 2019), from 100 kg of mature coffee cherries, 39 kg correspond to skin 
and pulp (Ferrão, 2009).  
 
Figure 6. Coffee husks obtained by the wet processing method.  
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Coffee husks from the dry and wet processing have a similar content of carbohydrates, 
fiber, minerals and proteins (Table 1) (Brand et al., 2001; Gouvea, Torres, Franca, 
Oliveira, & Oliveira, 2009). Since the chemical composition of husks obtained by the 
two different methods of processing (dry and wet) is somehow similar, in the following 
sections, the husks obtained by one method or the other will not be distinguished. 
Table 1. Chemical composition of husks from the dry and wet processing. Data from 1(Oliveira 
& Franca, 2014) and 2(Janissen & Huynh, 2018).  
 
Husks from the dry 
processing 
Husks from the 
wet processing 
Carbohydrates (%)1 58 – 85  45 – 89  
Total fiber (%)2 32 18 – 21  
Lipids (%)1 0.5 – 3  1 – 2  
Protein (%)1 8 – 11  4 – 12  
Minerals (%)1 3 – 7  6 – 10  
Caffeine (%)1 1 1 
Coffee husks from the dry processing (skin, pulp and parchment), are also rich in 
insoluble dietary fiber, containing 24.5 % cellulose, 29.7 % hemicelluloses and 23.7 % 
lignin (Bekalo & Reinhardt, 2010). They are also a source of phytochemicals such as 
tannins (5 – 9 %) and cyanidins (20 %) (Brand et al., 2001; Gouvea et al., 2009; Prata & 
Oliveira, 2007). The amount of total polyphenols in coffee husks is 1.22 % (Murthy & 
Madhava Naidu, 2012). Similarly, husks obtained by the wet method (skin and pulp) 
also contain appreciable amounts of polyphenols (1.48 %) and caffeine (1.3 %) (Brand 
et al., 2001; Pandey et al., 2000; Porres, Alvarez, & Calzada, 1993). 
Four major classes of polyphenols have been described in the husks obtained from the 
wet processing of C. arabica L. beans: flavan-3-ols, hydroxycinnamic acids, flavonols 
and anthocyanidins (Ramirez-Coronel et al., 2004). Chlorogenic acid and protocatechuic 
acid are the main polyphenols in coffee husks and represent more than 80 % of the 
polyphenols analyzed by Heeger et al. (2017) (Heeger, Kosińska-Cagnazzo, 
Cantergiani, & Andlauer, 2017). The composition of phenolic compounds in fresh husks 
has been analyzed by HPLC, and the obtained profile was chlorogenic acid (5-
caffeoylquinic acid) (42.2 % of total identified phenolic compounds), epicatechin 
(21.6%), 3,4-dicaffeoylquinic acid (5.7 %), 3,5-dicaffeoylquinic acid (19.3 %), 4,5-
dicaffeoylquinic acid (4.4 %), catechin (2.2 %), rutin (2.1 %), protocatechuic acid (1.6 
%) and ferulic acid (1.0 %) (Ramirez-Martinez, 1988). The major anthocyanins present 
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in the husks derived from wet-processed fruits are cyanidin-3-rutinoside, cyanidin-3-
glucoside and aglycone (Esquivel & Jiménez, 2012).  
3.1.2. Mucilage 
The coffee mucilage fraction (Figure 7) is located between the pulp and the parchment 
and represents 5 % dry weight of the cherry (Figure 3). It remains adhered to the coffee 
bean after depulping in the wet processing and since it is highly hydrated, it is an obstacle 
to further drying the beans. Thus, mucilage must be degraded by fermentation and 
washing, before the beans are dried and stored (Figure 4) (Avallone, Guiraud, Guyot, 
Olguin, & Brillouet, 2000). Wet processing allows the separation and concentration of 
this fraction, and therefore, this by-product is obtained in coffee producing countries that 
grow Arabica coffee (Esquivel & Jiménez, 2012). In Colombia, from 100 kg of fresh 
coffee cherries, 22 kg of mucilage are generated (Ferrão, 2009). 
 
Figure 7. Ripped open coffee cherry, showing coffee pulp and mucilage. Figure from del Castillo 
et al. (2019).  
Mucilage is composed of water (84.2 %), protein (8.9 %), sugar (4.1 %), pectic 
substances (0.91 %) and ash (0.7 %) (Esquivel & Jiménez, 2012). Recent studies have 
reported in coffee mucilage values of 3.71 %, 1.47 % and 0.08 % of glucose, galactose 
and lactose, respectively (Orrego, Zapata-Zapata, & Kim, 2018). Micronutrient 
composition of coffee mucilage was calcium (337 ppm), iron (73 ppm), magnesium (81 
ppm), potassium (0.016 %), phosphorous (115 ppm) and sodium (29 ppm) (Orrego et 
al., 2018).  
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3.1.3. Parchment 
This yellowish by-product is a strong fibrous endocarp that covers both hemispheres of 
the coffee seed and separates them from each other (Figures 3 and 8). It represents 5.8 
% dry weight of the cherries. In the dry process, coffee parchment is separated from the 
green bean together with the skin and the pulp. This by-product containing all the 
different parts of the coffee cherry is generated in countries were mainly Robusta coffee 
is cultivated (Figure 5). In contrast, in the wet processing, the parchment is removed 
after drying and hulling in separate steps (Figure 4). The latter process allows the 
parchment to be collected in countries were Arabica coffee is produced (Figure 5) and 
used separately from other by-products (Belitz, Grosch, & Schieberle, 2009). In 
Colombia, the main Arabica coffee producer, from 100 kg of fresh coffee cherries, 39 
kg of parchment are generated during processing (Ferrão, 2009). 
 
Figure 8. Coffee parchment obtained by the wet method. 
Coffee parchment is mainly constituted by dietary fiber, which ranged from 89 to 91 % 
(Benitez et al., 2019). The dietary fiber of coffee parchment is solely composed by 
insoluble fiber, corresponding to (α-) cellulose (40 – 49 %), hemicellulose (25 – 32 %), 
lignin (33 – 35 %) and ash (0.5 – 1 %) (Bekalo & Reinhardt, 2010). 
3.1.4. Silverskin 
Green beans are then exported to coffee consuming countries and their quality is 
evaluated based on odor and taste tests, as well as on the size, shape, color, hardness and 
presence of defects (Mussatto, Machado, et al., 2011). After reception and confirmation 
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of their quality, the beans are stored until roasting. The roasting process can be divided 
into three consecutive stages: drying, roasting and cooling. During the drying stage, 
water and volatile substances are slowly released and the coffee beans change their color 
from green to yellow. Roasting reactions produce changes in both physical and chemical 
properties of beans and results in the generation of a complex mixture of Maillard 
reaction products (Murthy & Madhava Naidu, 2012). At this stage, the silverskin (the 
thin tegument that covers the bean) is detached and represents the only by-product of 
coffee roasting industry (Figure 9) (Alves et al., 2017).  
Coffee silverskin (CS) is a thin tegument of the outer layer of the two beans forming the 
green coffee seed (Figure 3) obtained as a by-product of the roasting process produced 
by large-scale coffee roasters in consuming countries (Mussatto, Machado, et al., 2011). 
It represents about 4.2 % (w/w) of coffee beans (Narita & Inouye, 2014).  
 
Figure 9. Coffee silverskin produced during the roasting process of green coffee beans.  
The roasting of 4 tons of coffee produces around 30 kg of silverskin (A. S. G. G. Costa 
et al., 2014). Considering that world coffee production for 2019/20 is forecast to 169.1 
million 60 kg bags (USDA Foreign Agricultural Service, 2019), 76,095 tons of CS will 
be produced next year all over the world in coffee transforming countries; leading to the 
consequent environmental problems. In Spain, the roasting of 120 kg of coffee generates 
2.5 kg of silverskin (data provided by the company Supracafé S.A.). 
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CS has high dietary fiber content (68 – 80%), which includes about 85 % insoluble 
dietary fiber and 15 % soluble dietary fiber (Borrelli, Esposito, Napolitano, Ritieni, & 
Fogliano, 2004; Toschi, Cardenia, Bonaga, Mandrioli, & Rodriguez-estrada, 2014). 
Insoluble dietary fiber is composed by glucose, xylose, galactose, mannose and 
arabinose that are polymerized into cellulose and hemicellulose structures (Borrelli et 
al., 2004; Pourfarzad, Mahdavian-Mehr, & Sedaghat, 2013). Lignin is also a fraction 
present in a significant amount in CS (30 %) (Ballesteros, Teixeira, & Mussatto, 2014). 
The composition of sugars depends on the process used to extract carbohydrates and 
varies greatly in this by-product (1.6 – 12 %). Some studies have found glucose to be 
the main monosaccharide in CS while others reported fructose to be the main 
monosaccharide (Ballesteros et al., 2014; Toschi et al., 2014). CS contains 16.2 – 19.0 
%, 1.56 – 3.28 % and 5 – 7 % of protein, fat and ash, respectively (Borrelli et al., 2004; 
Jiménez-Zamora, Pastoriza, & Rufián-Henares, 2015; Napolitano, Fogliano, Tafuri, & 
Ritieni, 2007; Pourfarzad et al., 2013). The ash in CS contains a variety of mineral 
elements including potassium, calcium, magnesium, sulfur, phosphorus, iron, 
manganese, boron and copper among others. Potassium is the most abundant mineral 
element followed by calcium and magnesium (Ballesteros et al., 2014). Caffeine content 
in CS is 0.8 – 1.4 %, which is slightly lower than what is present in coffee beans (1.2 - 
2.5 %) (Farah, 2012; Napolitano et al., 2007; Toschi et al., 2014). Both in the coffee 
beans and in CS, the higher levels of caffeine are found in Robusta compared to Arabica.  
CS is considered to be a good source of non-nutrients bioactive compounds, particularly 
chlorogenic acids. The most relevant are 5-caffeoylquinic acids and 3-caffeoylquinic 
acids with amounts of 1.99 mg/g and 1.48 mg/g, respectively (Bresciani, Calani, Bruni, 
Brighenti, & Del Rio, 2014; Murthy & Naidu, 2012). As expected from being a by-
product generated during the roasting process, the presence of melanoidins has also been 
reported in CS (Borrelli et al., 2004). Melanoidins are the final product of the Maillard 
reaction, which occurs during the roasting process of the coffee bean. Mainly 
polysaccharides, proteins and chlorogenic acid form coffee melanoidins. Different 
conditions of roasting give rise to the formation of different types and amounts of 
melanoidins (Moreira, Nunes, Domingues, & Coimbra, 2012).  
3.1.5. Spent coffee grounds 
Finally, roasted beans are ground and the coffee beverage is prepared to get the most 
flavor in a cup of coffee. There are many different ways of preparing the coffee beverage: 
decoction (boiled coffee, Turkish coffee, percolator coffee), infusion (filtered and 
napoletana coffees) and pressure (press-pot, mocha, and espresso coffees) (Alves et al., 
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2017). In addition, almost 50 % of the world coffee production is processed for 
soluble/instant coffee (Esquivel & Jiménez, 2012). The last coffee by-product, spent 
coffee grounds (SCGs), is generated during coffee brewing in coffee transforming 
countries. They obtained during the elaboration of the coffee beverage employing 
traditional methods and during instant coffee production (Figure 10). One ton of green 
coffee generates about 650 kg of SCGs, and about 2 kg of wet SCGs are obtained for 
each kilogram of soluble coffee produced, with an annual generation of around 6 million 
tons worldwide (Mussatto, Machado, et al., 2011). 
 
Figure 10. Spent coffee grounds obtained by traditional or industrial brewing processes. 
Polysaccharides are the main components of SCGs derived from instant coffee 
production (75 %). Hemicellulose (39 %) and cellulose (12 %) are the most abundant 
polysaccharides in SCGs. Sugars composing SCGs are 37 % mannose, 32 % galactose, 
24 % glucose and 7 % arabinose (Ballesteros et al., 2014). The dietary fiber content in 
SCGs is 43 – 54 % total dietary fiber, 47 – 50% insoluble dietary fiber and 6 – 16 % 
soluble dietary fiber. SCGs also contain protein, fat and ash (13.6 – 17.44 %, 10 - 29 % 
and 1.3 –1 .6 %, respectively) (Ballesteros et al., 2014; Rocio Campos-Vega, Loarca-
Piña, Vergara-Castañeda, & Oomah, 2015; Mussatto, Carneiro, Silva, Roberto, & 
Teixeira, 2011). With regard to minerals, potassium is the major component, followed 
by magnesium and phosphorus (Ballesteros et al., 2014). Various caffeine 
concentrations (0.007 – 0.5 %) have been reported depending on the caffeine extraction 
process and SCGs variety (Andrade et al., 2012; Ramalakshmi, Rao, Takano-Ishikawa, 
& Goto, 2009). SCGs from different coffeemakers (filtered, French press and espresso) 
contained between 0.2 and 0.8 % caffeine with the exception of SCGs from the regular 
coffeemaker, which did not present this compound (Bravo, Jua, Monente, Caemmerer, 
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& Kroh, 2012). Differences in chemical composition of SCGs probably reflect the 
variety of beans and processes used in roasting and extraction (Rocio Campos-Vega et 
al., 2015). 
Chlorogenic acids, such as monocaffeoylquinic acids (3-CQA, 4-CQA, 5-CQA) and 
dicaffeoylquinic acids (3,4-diCQA, 3,5-diCQA, 4,5-diCQA) have been identified and 
quantified in SCGs obtained from different brewing processes and coffee species (Bravo 
et al., 2012; Jiménez-Zamora et al., 2015). Levels of total caffeoylquinic acids (CQA) 
reported in SCGs were from 0.7 to 1.7 % and they were higher in Arabica SCGs than in 
Robusta SCGs (Bravo et al., 2012; Jiménez-Zamora et al., 2015). Coffee melanoidins 
remained in SCGs after coffee brewing and ranged from 15 to 35 % (Jiménez-Zamora 
et al., 2015). Coffee melanoidin fractions in SCGs are diverse and possess different 
physico-chemical properties (Moreira et al., 2012).  
3.2. Nutritional value 
Humans require a wide range of essential nutrients for a normal development and to 
support a healthy aging (US Department of Agriculture, 2015). Improving diets and 
increasing levels of physical activity in adults and older people will reduce the risk of 
chronic diseases (WHO, 2003). There is a consensus on the guidance of the meaning of 
a “balanced diet” described in terms of the proportions of the various energy sources, 
from diet in relation to a healthy lifestyle and the prevention of chronic diseases. 
Recommendations are as follows: 55 – 75 % of total energy should come from 
carbohydrates, 15 – 30 % from fat and 10 – 15 % from protein (WHO, 2003). In this 
context, coffee by-products have been proposed as a potential sustainable source of 
macro, micronutrients and non-nutrient bioactive compounds.  
Table 2 summarizes the nutrition claims attributed to each coffee byproduct. Both coffee 
husks obtained from the dry and wet processing can be considered “high in fiber” since 
they contain more than 6 % of dietary fiber (Table 2). This by-product could contribute 
to the recommended intake of 25 g of dietary fiber per day made by the EFSA (European 
Food Safety Authority (EFSA), 2010). One of the most interesting characteristic of 
coffee husks is their content in soluble dietary fiber. This type of dietary fiber can be 
fermented leading to the production of short chain fatty acids (SCFAs) with health 
promoting properties, and also possesses large water retention, promotes the growth of 
bifidobacteria and decreases the absorption of fat and sugars (Ballesteros et al., 2014).  
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Table 2. Location of generation, step of processing, nutrition claims and health promoting properties of coffee by-products. 
By-product Location 
Step of 
processing 
Nutrition 
claims 
Health promoting 
properties 
References 
Husks 
Producing 
countries 
Green bean 
obtainment 
High in fiber 
Anti-diabetic 
Antioxidant 
Anti-inflammatory 
Murthy et al., 2012; Iriondo-DeHond, 2019 
Secret Cherry Tea, 2019; Iriondo-DeHond, 2019 
Magoni et al., 2018, Rebollo-Hernanz et al., 2019 
Mucilage 
Producing 
countries 
Green bean 
obtainment 
- Antioxidant Natucafé S.A.S., 2019 
Parchment 
Producing 
countries 
Green bean 
obtainment 
High in fiber 
Hypoglycemic 
Hypolipidemic 
Benitez et al., 2019 
Silverskin 
Transforming 
countries 
Roasting 
High in fiber 
Source of 
proteins 
Low in fat 
Prebiotic 
Anti-obesity 
Anti-diabetic 
Antioxidant 
Anti-inflammatory 
Skin health 
Borrelli et al., 2004 
Martinez-Saez et al., 2014 
WO/2016/097450; Fernandez-Gomez et al., 2016 
Fernandez-Gomez et al., 2016 
Rebollo-Hernanz et al., 2019 
WO/2013/004873; Rodrigues et al., 2016 
Spent coffee 
grounds 
Transforming 
countries 
Brewing 
High in fiber 
Source of 
proteins 
Prebiotic 
Antioxidant 
Anti-inflammatory 
Jimenez-Zamora et al., 2015 
Martinez-Saez et al., 2017 
Lopez-Barrera et al., 2016 
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Different companies are already using coffee husks as a source of dietary fiber. Pectcof 
B.V. extracts soluble dietary fiber from coffee husks for both food and non-food 
applications.  Due to its properties as an emulsifier and stabilizer, this extracted coffee 
dietary fiber is a promising new ingredient for the food and beverage industry (“Pectcof 
B.V.,” 2019). On the other hand, Ramirez Velez and Jaramillo Lopez patented in 2015 
the extraction of honey or flour from coffee husks for its use in products for human or 
animal consumption, drugs and cosmetics or as raw materials for the production of 
alcohol for fuel (ethanol) (Ramirez Velez & Jaramillo Lopez, 2015). In addition, The 
Coffee Cherry Co. also uses coffee husks flour as a healthy and sustainable ingredient 
in different food formulations such as breads, cookies, muffins, squares, brownies, 
pastas, sauces and beverages. This flour is gluten-free, it possesses five times more fiber 
than wholegrain wheat flour, contains antioxidants, iron, potassium and proteins and has 
low fat content (“The Coffee Cherry Co.,” 2014).  
According to the International Coffee Organization, coffee mucilage could be used in 
foods as an unrefined source of pectin, antioxidants and flavonoids. All these compounds 
have raised special interest in the food industry (Rathinavelu & Graziosi, 2005). Coffee 
mucilage has also been proposed for its use as a honey for human consumption (Ramirez 
Velez & Jaramillo Lopez, 2015). The chemical composition of this honey showed 30 – 
40% moisture, 55 °Bx, 4 % proteins, 2 % fiber and a polyphenol content corresponding 
to 380 mg gallic acid equivalents/100 g. This coffee honey with high sugar content was 
achieved by means of a vacuum dehydration step at a temperature below 65 °C, 
obtaining a product with minimum nutritional damage by heat, and high digestibility and 
palatability (Ramirez Velez & Jaramillo Lopez, 2015).  
With regard to coffee parchment, considering the chemical composition of this by-
product, it may be used as a natural source of dietary fiber in the food industry since it 
can be considered “high in fiber”. A very recent study has evaluated coffee parchment 
as a potential dietary fiber ingredient (Benitez et al., 2019). Results revealed that coffee 
parchment (flakes and flour) was a good source of insoluble dietary fiber (IDF), mainly 
composed by xylans (35%), lignin (32%), and cellulose (12%).  
Considering the chemical composition of CS, the following nutrition claims could be 
applied to this by-product: “source of proteins” and “low in fat” since it contains over 
12 % proteins and less than 3 % fat, respectively (Table 2) (European Commission, 
2012). Another nutrition claim suitable for CS is “high in fiber”. Fiber-enriched foods 
have been developed in the past few years to increase dietary fiber consumption to 
reduce the risk of chronic diseases (Ateş & Elmacı, 2018b). CS has been employed as 
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dietary fiber to formulate breads; CS as a food ingredient reduces caloric density and 
increases the dietary fiber content of bread (Pourfarzad et al., 2013). CS has also been 
used as a coloriant and as a dietary fiber source, to achieve a healthier, nutritious and a 
high sensorial quality biscuit. CS improved moisture, texture, thickness and color of the 
novel biscuits (Garcia-Serna, Martinez-Saez, Mesias, Morales, & Castillo, 2014). CS 
has also been used in another bakery product, cakes have been formulated with up to 30 
% of water-treated CS as a flour substitute (Ateş & Elmacı, 2018b, 2018a). Water 
treatment of CS enhanced moisture content, textural and sensory attributes of cakes. 
Cakes with water treated CS presented similar physical and sensory characteristics to the 
control cake (Ateş & Elmacı, 2018b). The combined use of stevia and CS has also been 
used to achieve healthier, nutritious and good quality biscuits (Garcia-Serna et al., 2014). 
The complete replacement of sucrose by stevia affected the moisture content of the 
biscuits, but this was improved by the addition of CS. The nutritional value and the 
appearance of the biscuits also improved by the addition of CS (Garcia-Serna et al., 
2014).  
SCGs can be also be considered a source of proteins and, as the rest of coffee by-
products, SCGs are high in fiber too (Table 2). Their nutritional value makes them 
interesting for their application in the manufacture of pastry and confectionery foods 
such as bread, cookies, and breakfast cereals, among others, resulting in a simple, low-
cost method (PCT/ES2014/070062, 2014). This by-product has been employed in 
diverse combinations with other innovative ingredients, such as a hypocaloric sweetener 
(stevia) and soluble fiber (FOS) (Martinez-Saez, Tamargo García, et al., 2017). SCGs (4 
% w/w) can be used directly as a food ingredient in solid foods such as cookies without 
affecting conventional food preparation and the final quality of the product. The 
application of SCGs represents a value-added opportunity for coffee by-product 
utilization at a very low cost. 
3.3. Health promoting properties 
Since more than 95 % of chronic diseases are caused by food choices and lack of physical 
exercise, many plant extracts and natural compounds are emerging as functional 
candidates to reduce the risk of non-communicable chronic diseases. The recycling of 
food wastes into health promoting products is of great interest worldwide (Kumar et al., 
2017). In particular, the coffee industry is responsible for generating large amounts of 
wastes and coffee by-products may be sustainable sources of bioactive compounds with 
health promoting and therapeutic properties. 
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Coffee husks are enriched in anthocyanins, which contain powerful inhibitors of α-
glucosidase and α-amylase enzymes. As these enzymes play an important role in the 
management of glucose metabolism, the use of anthocyanin extracts from coffee husks 
has been proposed as an antidiabetic agent to improve postprandial blood glucose 
metabolism (Murthy et al., 2012). These anti-diabetic properties have been also studied 
in a PhD thesis recently defended in our research group in which coffee husks were used 
as food ingredients for the development of innovative and sustainable functional yogurts. 
The yogurt containing coffee husks showed a high sensory acceptance (6.96), high 
antioxidant capacity (5.03 ± 0.11 µTE/g yogurt), inhibited α-glucosidase activity (83 %)  
in vitro and showed anti-inflammatory properties in a cellular model (Iriondo-DeHond, 
2019). In addition, the digest obtained from the in vitro simulated human digestion of 
coffee husks yogurt showed antioxidant capacity and still inhibited α-glucosidase. 
A recent study concerning the anti-inflammatory properties of coffee husks obtained 
from a semi-dry processing (Magoni et al., 2018) showed that they were capable of 
inhibiting the release of the pro-inflammatory cytokine IL-8 on gastric epithelial cells 
when inflammation was induced by TNF-α (Magoni et al., 2018). Caffeine present in 
coffee husks may also be one of the contributors to the overall anti-inflammatory effect 
observed in the by-product (J. H. Hwang, Kim, Ryu, & Lee, 2016; S. J. Hwang, Kim, 
Park, Lee, & Kim, 2014).  
Nowadays, tea made from coffee husks has become a popular beverage commercialized 
by different companies all over the world. This beverage is known as “Cascara Tea” and 
it is sold as a super food with polyphenols with antioxidant properties and with Brain 
Derived Neurotrophic Factor (BDNF) that contributes to maintaining brain’s health 
(Secret Cherry Tea, 2019).  
The coffee mucilage honey mentioned in the previous section, is sold as a concentrate 
of antioxidants with health promoting properties such as strengthening the immune 
system (Natucafé S.A.S., 2019). With regard to the next by-product generated during 
coffee processing, coffee parchment, this by-product presented in vitro hypoglycemic 
properties, showing high glucose adsorption capacity (50–200 mmol/L) and α-amylase 
inhibition (52%); and also, this by-product showed in vitro hypolipidemic properties by 
pancreatic lipase inhibition (43%) and cholesterol binding (16.6 mg/g) (Benitez et al., 
2019).  
The high dietary fiber (up to 55 %) content of CS, predominantly insoluble fiber, can 
potentially benefit the intestine and gut microbiota (Ballesteros et al., 2014; A. S. G. 
Costa et al., 2018; Jiménez-Zamora et al., 2015). The prebiotic properties of CS 
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demonstrate that it preferentially supports the bifidobacteria growth in vitro, suggesting 
that its consumption may have some prebiotic effects (Borrelli et al., 2004).  
The anti-obesity effect (reduction of the body fat mass and body fat percentage) of coffee 
may be attributed to caffeine (Kobayashi-Hattori, Mogi, Matsumoto, & Takita, 2005), 
chlorogenic acid (Cho et al., 2010) and melanoidins that are also present in CS (Mesías 
& Delgado-Andrade, 2017). Anti-obesity properties of CS have been studied in novel 
antioxidant beverages based on CS from Arabica and Robusta species to determine their 
inhibitory effect on in vivo fat accumulation using Caenorhabditis elegans as an animal 
model (Martinez-Saez et al., 2014). Both beverages, reduced body fat by 21 % and 24 
%, respectively, possibly due to the presence of these compounds at physiologically 
active doses (Martinez-Saez et al., 2014). Furthermore, Robusta CSE beverage and a 
commercial dietary supplement that is made from Robusta decaffeinated green coffee 
extract showed a similar effect on body-fat reduction. Phenolic compounds composing 
aqueous extracts from coffee husks and CS also alleviated the complications of 
adipogenesis and inflammation in vitro (Rebollo-Hernanz, Zhang, Aguilera, Martín-
Cabrejas, & Gonzalez de Mejia, 2019). 
In an in vivo study with Wistar rats, an aqueous extract from CS (CSE) reduced total 
cholesterol and triglycerides plasma levels in rats after 45 days treatment with CSE (2.2 
and 0.8 mg caffeine and CGA /kg body weight). Furthermore, CSE (36 mg/mL) reduced 
(41.73 %) pancreatic lipase activity in vitro (WO/2016/097450, 2016). This could 
explain the mechanism of action of the observed reduction of total cholesterol and 
triglycerides since pancreatic lipase is a key enzyme in fat digestion. Together, these 
results support the lyporegulatory character of CS through pancreatic lipase inhibition 
and therefore its preventive and therapeutic effect in obesity. 
The components present in CSE have a positive effect on pancreas health, thereby 
reducing the risk of diabetes. Several studies have described the effects of CS on diabetes 
biomarkers. This by-product obtained from coffee roasting has been shown to produce 
increased glucose tolerance (WO/2016/097450, 2016), enhance insulin sensitivity and 
secretion (WO/2016/097450, 2016; Fernandez-Gomez, Ramos, et al., 2016), inhibit 
enzymatic α-glucosidase activity (Fernandez-Gomez, Ramos, et al., 2016), inhibit 
Advanced Glycation End Product (AGEs) formation through the interaction of CGA and 
its derivatives with protein backbone (Fernández-Gómez, 2016; Fernandez-Gomez et 
al., 2015) and protect against oxidative stress (K., L., & V.P., 2010). Moreover, CSE 
may protect pancreatic tissue in vitro against oxidative stress induced by the commonly 
used diabetogenic agent streptozotocin (STZ) (Maria D. del Castillo et al., 2017). All 
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these effects have an impact on diabetes development and, consequently, CSE may be 
useful in both the prevention and treatment of diabetes.  
The connection between nutrition, skin and aging has been an increasing research area 
for scientists and physicians worldwide (Pearson, 2015). CS is a potential candidate to 
replace synthetic chemicals as active ingredients in cosmetic formulations due to its high 
antioxidant potential, phenolic compounds, melanoidins and caffeine content (Bessada, 
Alves, Oliveira, & Applications, 2018). The interest of using CS aqueous extract in 
cosmetics was proposed for the first time by del Castillo et al., in a patent application 
filed in 2011, which became public in 2013 (WO/2013/004873). Recent research 
demonstrates the hyaluronidase inhibitory activity of CS extracts presumably due to 
acidic polysaccharides mainly composed by uronic acid (Furusawa, Narita, Iwai, 
Fukunaga, & Nakagiri, 2011). Hyaluronidase degrades hyaluronic acid, reducing its 
viscosity, increasing permeability and leading to extracellular matrix (collagen and 
elastin fibers) destruction (Sahasrabudhe & Deodhar, 2010). The hyaluronidase 
inhibitory effect of CS has also been studied in vivo. Administration of a CS-based cream 
twice daily improved skin hydration and firmness of 20 human volunteers after 28 days. 
CS was an effective emollient ingredient, with results similar to hyaluronic acid 
(Francisca Rodrigues, Matias, Ferreira, Amaral, & Oliveira, 2016).  
The by-products generated in the roasting and brewing process, CS and SCGs 
respectively, are the most studied regarding their nutritional value and health promoting 
properties (Table 2). SCGs can be directly employed as a sustainable natural source of 
dietary fiber (PCT/ES2014/070062, 2014). However, fiber can be also extracted from 
the raw material employing different processes, such as ohmic technology 
(MX/a/2016008578, 2016; Vazquez Sanchez, Martinez-Saez, del Castillo, & Campos-
Vega, 2015), alkaline hydrogen peroxide treatment (Vilela, Leão, Franca, & Oliveira, 
2016), and autohydrolysis (Ballesteros, Teixeira, & Mussatto, 2017). SCGs dietary fiber 
can be fermented by colon microbiota, producing short-chain fatty acids (SCFAs) with 
anti-inflammatory properties, such as inhibition of nitric oxide production and other 
inflammatory mediators such as IL-10, CCL-17, CXCL9, IL-1β and IL-5 cytokines 
(López-Barrera, Vázquez-Sánchez, Loarca-Piña, & Campos-Vega, 2016). 
Consequently, SCGs have been proposed as a protective agent against chronic 
inflammatory diseases, such as inflammatory bowel disease and rheumatoid arthritis. In 
addition, dietary fiber from SCGs has recently been reported to stimulate the release of 
the satiety hormone, serotonin, and glucagon-like peptide-1 (Martinez-Saez, 
Hochkogler, Somoza, & del Castillo, 2017). The antioxidant properties of the dietary 
fiber of SCGs have mainly been ascribed to the presence of phenolic compounds present 
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in their polymeric structure (Martinez-Saez, Tamargo García, et al., 2017). Furthermore, 
SCGs exert a positive effect on beneficial bacteria, increasing the numbers of lactobacilli 
and bifidobacteria, being a good source of prebiotic compounds (Jiménez-Zamora et al., 
2015). 
3.4. Safety  
The information regarding the analysis of substances of toxicological concern should be 
included in the application for authorization of a novel food in the context of the 
Regulation (EU) 2015/2283. First, information on the identities and quantities of 
impurities, residues and chemical and microbiological contaminants should be provided 
in the compositional data section (e.g. heavy metals, mycotoxins, PCBs/dioxins, 
pesticides) when applying for a novel food (Figure 2) (EFSA Panel on Dietetic Products, 
2016).  
After analysis of substances of possible concern to human health, toxicological studies 
should be carried out with the novel food. First, studies at a genomic level must be 
carried out since the assessment of genotoxic potential is a basic component of chemical 
risk assessment. Then, in addition to an acute toxicity assay, a subchronic toxicity study 
should normally be submitted to identify any adverse effects following prolonged 
exposure via an appropriate oral route. Moreover, reproductive and developmental 
toxicity tests may be required if there are any indications of effects on reproductive 
organs or parameters. Ultimately, human studies, if available, should be provided if they 
contain information relevant for the safety assessment, such as physical examination, 
blood chemistry, hematology, urine analysis, blood pressure and organ function tests 
and/or monitoring of adverse reactions (EFSA Panel on Dietetic Products, 2016).  
Limitations on the use of coffee by-products are connected to its content in caffeine. 
Coffee by-products present different levels of caffeine. However, in all cases their 
content is lower than that found in green and roasted coffee beans (Farah, 2012). 
Although further studies should be conducted in this field, so far published results 
suggest caffeine content does not need to be considered as a safety concern in the 
application of coffee by-products as food ingredients. The caffeine content in foods 
formulated with coffee by-products should be below the European Food Safety 
Authority (EFSA) safety level for daily caffeine consumption of 400 mg for the general 
population and 200 mg for lactating women. For children and adolescents, the available 
information is insufficient to derive a safe level of caffeine intake (European Food Safety 
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Authority (EFSA), 2015). Therefore, no limitations on the use of these by-products as 
food ingredients for human nutrition need to be considered.  
All foods can contain chemical and/or biological contaminants. Another limitation on 
the use of coffee by-products obtained after the roasting process, CS and SCGs, is 
acrylamide, a chemical-processing contaminant. Acrylamide is formed during the 
roasting of coffee beans through the Maillard reaction, during which the aroma and the 
color of coffee beans are also produced. This reaction takes place when precursors, for 
example, reducing sugars, such as glucose and fructose, and asparagine, are present in 
raw materials, in combination with a high temperature and long cooking time (Pedreschi, 
Mariotti, & Granby, 2014). Low levels of 11.42 µg/L and 37 µg/kg of acrylamide have 
been previously found in CS and SCGs, respectively (Garcia-Serna et al., 2014; 
Martinez-Saez, Tamargo García, et al., 2017). These values are under the limit 
established by the EFSA for coffee and instant coffee, 450 and 900 µg/kg, respectively 
(European Food Safety Authority, 2015).  
Ochratoxin A (OTA) is a biological contaminant, a mycotoxin produced by Aspergillus 
ochraceus and Penicillium verrucosum that tends to bioaccumulate along the food chain. 
This mycotoxin can induce renal toxicity, nephropathy, and immunosuppression, 
representing a risk to human safety (Toschi et al., 2014). Coffee is considered a 
secondary source of OTA in the human diet. OTA is already present in coffee before 
storage, as contamination can occur due to several climatic conditions, coffee fruits 
falling onto the soil, transportation, and so on. Therefore, the critical steps leading to the 
accumulation of this mycotoxin are the harvesting and the postharvest handling of coffee 
cherries (Napolitano et al., 2007). Reported values of OTA in CS were of 18.7 − 34.4 
μg/kg, which is about 3 times higher than the European Commission limits for coffee 
products (5 μg/kg) (Toschi et al., 2014). However, Ferraz et al. (2010) demonstrated that 
OTA can be destroyed during roasting (Ferraz et al., 2010). Even when the coffee 
beverage is prepared from highly contaminated green beans, the coffee-transforming 
process is able to reduce the amount of OTA that presents a risk to human health 
(Napolitano et al., 2007). Nevertheless, as in other food ingredients, it is very important 
to establish rigorous quality controls along the coffee-bean processing chain to reduce 
OTA and ensure the healthiness of coffee and its by-products (Napolitano et al., 2007). 
In addition to the determination of biological, chemical and processing contaminants, 
safety of coffee by-products needs to be further confirmed by toxicity studies. To the 
best of our knowledge, no toxicity studies of coffee by-products have been carried out. 
However, CoffeeBerry® products (a powdered extract, a water extract and a water–
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ethanol extract) are derived from the whole fruit their safety has been evaluated in 
genotoxicity studies, short-term oral toxicity studies and a 90-day dietary toxicity study 
(Heimbach et al., 2010). None of the coffee cherry extracts showed mutagenic or 
genotoxic potential, and in short-term and 90 days toxicity studies, no adverse effects at 
the studied concentrations were observed (Heimbach et al., 2010).  
One study has been published regarding the skin compatibility and safety of CS extracts 
for topical use in vitro using a human skin model and in vivo by patch tests. Results from 
in vitro and in vivo studies revealed that CS is safe regarding skin irritancy (F. Rodrigues 
et al., 2015). In vitro studies revealed that the body cream formulation containing CS 
extract is safe in contact with human skin cells (fibroblasts and keratinocytes) and the 
patch test carried out with this formulation proved the absence of skin irritation (F 
Rodrigues, Sarmento, Amaral, & Oliveira, 2016).  
Further determination of pesticides and mycotoxins in coffee by-products are needed to 
ensure their safety for human consumption. In addition, toxicological studies at different 
levels (genotoxicity, acute toxicity and repeated dose toxicity) are needed for the 
validation of coffee by-products as novel food ingredients.  
3.5. Regulatory status   
The main consideration regarding the use of coffee by-products as food ingredients is 
their regulatory status. In December 2016 the European Food Safety Authority (EFSA) 
included the coffee cherry in the Novel Food Catalog (Figure 11) (European Comission, 
2019). Therefore, coffee husks needed to undergo EFSA’s authorization procedure 
according to the Regulation (EU) 2015/2283 before it could be introduced into the 
European food market (Figure 2).  
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Figure 11. Coffee cherry in the EU Novel food catalogue of the European Commission requires 
following the Regulation (EU) 2015/2283 for its authorization as a novel ingredient.  
The application for the authorization of husk as a novel food in order to be approved for 
consumption by the European Commission in the European Union has been submitted 
by Joel Jelderks, CEO and Founder of Caskai, a leading brand of coffee husks based 
beverages. To date, coffee husks are waiting for its approval by the Committee to be 
introduced in the union list of authorized novel foods. Meanwhile, coffee coffee husks 
an officially authorized ingredient in other parts of the world, such as Mexico or the 
United States (US), where it is generally recognized as safe (GRAS).  
Novel ingredients obtained from other coffee by-products, such as mucilage, parchment 
and silverskin, should also undergo EFSA’s authorization procedure according to the 
Regulation (EU) 2015/2283. With regard to spent coffee grounds, the application for 
authorizing powder from SCGs has been submitted within the meaning of Article 10(1) 
of Regulation (EU) 2105/2283 by Kaffe Bueno ApS, Denmark. In addition, the whole 
roasted coffee bean is consumed in other countries, such as US, as a chocolate-covered 
candy and it is included in the National Nutrient Database of the US Department of 
Agriculture (USDA). Therefore, it can be said that the insoluble fraction obtained after 
coffee brewing, SCGs, which is present in the coffee bean has a history of use in other 
countries.  
Coffee by-products, especially CS and SCGs that are the most studied, have not been 
industrially exploited and there are not commercially available products containing these 
potential novel ingredients. It is of great importance that coffee industries make an effort 
to valorize by-products that result from coffee processing in order to increase the 
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sustainability of the process, increase economical incomes and create new jobs in 
producing countries (Janissen & Huynh, 2018). The total recycling of the cherry into 
health-promoting foods and beverages with particular nutrition and health claims may 
contribute to a sustainable nutrition and health of the population. This investigation aims 
to contribute to this challenge. 
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1. Hypothesis 
Coffee by-products represent an environmental problem and an inefficiently use of the 
natural resources worldwide. Their conversion into novel food ingredients avoiding the 
generation of further waste represents a great opportunity for the sustainability and 
competitiveness of the coffee sector; as well as, for achieving a sustainable nutrition and 
health.  
2. Objectives 
The general objective of this thesis was to validate the feasibility of coffee by-products 
(husk, parchment, silverskin and spent coffee grounds) as novel food ingredients for a 
sustainable nutrition and health following the Regulation (EU) 2015/2283.  
In order to achieve this goal, the following specific objectives were proposed: 
1. To study the nutritional composition and safety of coffee cherry by-
products generated in producing countries (Chapter 1, Study 1).  
Two different ingredients were obtained from each coffee by-product by 
aqueous extraction, which is a sustainable and easy to scale-up process for 
generating ingredients avoiding new wastes. Chemical composition, antioxidant 
properties (in vitro and in cellular models) and safety (chemical, biological and 
processing contaminants; and acute toxicity assay according to the OECD Test 
Guidelines 425) of the proposed novel ingredients were assessed. 
2. To validate the novel ingredient obtained from the coffee roasting by-
product (coffee silverskin extract, CSE) (Chapter 2).  
This part includes the assessment of the genotoxicity and cytotoxicity of CSE, 
using the comet and the MTT assay, respectively (Study 2).In addition, the 
preventive potential against induced oxidative DNA damage was also studied. 
The nutritional value of the potential novel ingredient, CSE, its safety and effects 
of key biological functions were assessed in vivo (Study 3). To achieve this goal, 
a repeated dose study was carried out in Wistar rats and hormone secretion, 
antioxidant and anti-inflammatory biomarkers and fiber fermentation of the 
novel ingredient were analyzed in biological samples.  
3. To validate the coffee brewing by-product (spent coffee grounds, SCGs) as 
a safe, healthy and sustainable dietary fiber (Chapter 3, Study 4).  
This study aimed to study the composition and in vitro bioaccessibility of lipids 
and diterpenes in SCGs, their impact on liver biomarkers and their excretion in 
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feces in vivo. The dietary fiber effect of SCGs was addressed by a radiographic 
study.  
4. To make a preliminary chemical characterization and to assess the health 
promoting properties of isolated biomolecules from coffee beans by-
products (melanoidins) (Chapter 4).  
To achieve this goal, the high molecular weight fraction was isolated from CSE 
and SCGs by ultrafiltration. Chemical characterization and antioxidant 
properties on healthy human colon cells were evaluated (Study 5). In addition, 
the structural and functional properties and the bioactivity of melanoidins from 
CSE was further studied in vivo (Study 6).  
 
Our research group is an international reference in the study of the conversion of coffee 
by-products in novel ingredients (see “list of publications”). The most studied by-
product has been coffee silverskin. Therefore, a review regarding the health promoting 
properties of this by-product was published (Annex 1). The main contributions presented 
in this thesis refer to the validation on coffee by-products as novel food ingredients. The 
application of CSE as a novel ingredient will be recently submitted (Annex 2). However, 
the use of CSE as a dermaceutical ingredient for promoting skin health has been also 
studied (Annex 3) and approved by the International Cosmetic Ingredient Nomenclature 
Committee (Annex 4). Dermaceutical product development is being carried out in 
collaboration with industrial partners. 
The work plan followed to achieve the main and specific objectives defined in this thesis 
is presented in Figure 1. 
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Figure 1. Schematic view of the workplan of the present study.  
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CHAPTER 1  
 
Study 1: Validation of coffee by-products as novel food 
ingredients 
 
This chapter provides a data on the chemical characterization, biological properties and 
safety of coffee by-products obtained in producing countries for their validation as food 
ingredients. Results from this chapter have been published in:  
 
Iriondo-DeHond, A., Aparicio García, N., Velazquez Escobar, F., San Andres, M. I., 
Sanchez-Fortun, S., Blanch, G. P., Fernandez-Gomez, B., Guisantes Batan, E. & del 
Castillo, M. D. 2019. Validation of coffee by-products as novel food ingredients. 
Innovative Food Science and Emerging Technologies, 51, 194–204. Available at: 
https://doi.org/10.1016/j.ifset.2018.06.010  
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Guisantes-Batan 2, Francisco Velázquez Escobar 3, Gracia Patricia Blanch 4, Manuel Ignacio 
San Andres 5, Sebastián Sanchez-Fortun 5, María Dolores del Castillo 1 
1 Instituto de Investigación en Ciencias de la Alimentación (CIAL) (CSIC-UAM), C/ Nicolás 
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Abstract 
This research aimed to validate coffee husk, parchment and silverskin as new health-
promoting food ingredients. Characterization of the novel ingredients was carried out by 
Raman and infrared spectroscopy and analysis of total phenolic compounds, chlorogenic 
acid, caffeine and dietary fiber. Antioxidant properties of the novel ingredients were 
tested by ABTS and intracellular ROS formation in HepG2 cells. Pesticides, 
mycotoxins, acrylamide and acute toxicity experiments following OECD Test 
Guidelines 425 were performed to assess the food safety of extracts, solid residues and 
raw materials. Husk and silverskin are proposed as a source of two food ingredients: 
aqueous extracts enriched in phytochemicals and antioxidant dietary fiber while 
parchment is proposed as a natural source of antioxidant dietary fiber. No lesions were 
found in selected isolated vital organs from treated animals. Coffee by-products can be 
converted into safe food ingredients allowing a whole food waste recovery. Analyses of 
contaminants are essential for achieving this goal. 
Keywords: antioxidants; coffee by-products; dietary fiber; food safety; novel food 
ingredient; sustainability
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1. Introduction 
Coffee is a cherry formed by various anatomic parts with distinct morphologies (Figure 
1) and unique chemical compositions. It comprises a plethora of nutrients and bioactive 
phytochemicals with diverse preventive and therapeutic effects for chronic diseases (del 
Castillo et al., 2017). Nowadays, coffee beans are almost exclusively used for the 
preparation of the beverage. While the coffee industry is very diverse, coffee processing 
can generally be described by ten steps: planting, harvesting and processing the cherries, 
drying, milling and trading, tasting, roasting, grinding and finally brewing. Even though 
most of the health-promoting phytochemicals and nutrients are found in the coffee 
cherry, 90 % of the cherry is discarded during processing as agricultural waste or by-
product (del Castillo et al., 2018).  
 
Figure 1. Transversal section of a ripe coffee cherry, showing its anatomic parts; and powdered 
aqueous extracts obtained from Arabica (a) husk, (b) parchment and (c) CS following the 
procedure described in the patent WO 2013/004873. 
 
Chapter 1 
 
81 
 
According to the European Commission, a “food waste” is defined as “food (including 
inedible parts) lost from the food supply chain, not including food diverted to material 
uses such as bio-based products, animal feed, or sent for redistribution” (European 
Commission, 2014). The coffee industry is responsible for the generation of large 
amounts of residues that represent a great pollution hazard if discharged into the 
environment (Chanakya & De Alwis, 2004). The future of coffee depends on sustainable 
practices, and a wide range of initiatives can be implemented in every part of the coffee 
supply chain: improving the conditions at origin, recycling packaging materials, 
reducing emissions, developing eco-friendly facilities or designing new coffee products. 
The conversion of coffee waste into food ingredients is a research priority in the 
Nutrition and Food Chemistry field. 
Esquivel and Jiménez (2012) defined coffee husk as the outer skin and pulp obtained 
from the wet processing of coffee berries (Esquivel & Jiménez, 2012). Coffee husk 
encloses the coffee beans and compromises nearly 45 % of the berry. It has a high content 
in carbohydrates (35 – 85 %), soluble fibers (30.8 %), minerals (3 – 11 %) and proteins 
(5 – 11 %). It is also rich in insoluble dietary fiber and can be a source of phytochemicals 
such as tannins (5 – 9 %) and cyanidins (20 %) for the food and pharmaceutical industries 
(del Castillo et al., 2018; Esquivel & Jiménez, 2012). Phytochemicals have recently 
received considerable interest because of their safety and potential positive physiological 
effects on the human body (Singh & Geetanjali, 2013). To date, coffee husk has been 
used as a source of dietary fiber (www.pectcof.com) and also as a source of anthocyanins 
(Murthy et al., 2012). Considering its chemical composition and the proposed 
applications, coffee husk has a great potential as a food ingredient and as a natural source 
of nutrients and bioactive compounds.  
Parchment is a strong fibrous endocarp that covers both hemispheres of the coffee seed 
and separates them from each other (Belitz et al., 2009). It represents 5.8 % of berry dry 
weight and is formed by (α-) cellulose (40 – 49 %), hemicellulose (25 – 32 %), lignin 
(33 – 35 %) and ash (0.5 – 1 %) (del Castillo et al., 2018). In wet coffee processing, the 
parchment is removed after drying and hulling, which allows it to be collected and used 
separately from other by-products (Esquivel & Jiménez, 2012). To date, no applications 
have been found for coffee parchment as a food ingredient.  
Coffee silverskin (CS) represents 4.2 % (w/w) of the coffee cherry and constitutes a thin 
tegument of the outer layer of the two beans forming the green coffee seed. It is obtained 
as a by-product of the roasting process. CS has a high dietary fiber content (68 – 80 %), 
polysaccharides are also abundant components (60 – 70 %) and total sugar content varies 
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greatly (1.6 – 12 %) (Pourfarzad et al., 2013). CS contains protein, fat, and ash, at 16.2 
– 19.0 %, 1.56 – 3.28 %, and 5 – 7 %, respectively (del Castillo et al., 2018). Borrelli 
and colleagues found that CS, obtained from several Italian roasting plants, had a high 
amount of soluble dietary fiber (about 14 % of the total fiber) and a very high antioxidant 
activity (Borrelli et al., 2002). Previous studies have suggested the use of CS as a source 
of dietary fiber and prebiotics (Ballesteros et al., 2014; Borrelli et al., 2004).  
In 2016, the European Food Safety Authority (EFSA) reported that only 1.5 % of 83,000 
food samples analyzed exceeded the legal limit of pesticides, and the national competent 
authorities had to take appropriate enforcement actions (European Food Safety 
Authority (EFSA), 2016). To date, no studies have analyzed pesticide content in coffee 
byproducts. Moreover, coffee is susceptible to contamination by mycotoxins, toxic 
compounds that result from fungal secondary metabolism under certain conditions, 
which cause different toxicological effects in humans (Afsah-Hejri et al., 2013; 
Gamboa-Gaitán, 2012). The most studied mycotoxin in coffee is ochratoxin A (OTA), 
the only mycotoxin subjected to European legislation (European Commission (EC) 
1881/2006).  Other contaminants may also be formed during food processing, e.g. 
Maillard reaction products such as acrylamide. This low molecular weight compound is 
highly soluble in water, and has a well-documented carcinogenic potential (European 
Commission, 2017). It is formed in food processing as a degradation product of 
asparagine and sugars, typically at 120 °C and low moisture (European Commission, 
2017). Therefore, it could be found in roasted coffee beans and CS. Previous studies 
have confirmed the presence of acrylamide in CS (333 μg/kg) (Garcia-Serna et al., 2014) 
in the same amount as that reported in roasted coffee and approximately 10 times lower 
than that reported in instant coffee (European Commission, 2017).  
The aim of this research was to perform a comparative study of the three coffee by-
products obtained before (husk and parchment) and after the roasting process 
(silverskin); validate their potential and safety as sustainable food ingredients; explore 
novel applications for them through environment-friendly procedures and implement 
novel analytical tools such as vibrational spectroscopy. 
2. Materials and methods 
2.1. Reagents 
Chlorogenic acid, 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) 
diammonium salt (ABTS), caffeine, Folin-Ciocalteu reagent, tert-butyl hydroperoxide 
(tBOOH), dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazole-y)-2,5-
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diphenyltetrazolium bromide (MTT) and 2’,7’-dichlorodihydro-fluorescein diacetate 
(DCFH-DA) were purchased from Sigma Chemical (Sigma-Aldrich, St Louis, MO, 
USA). Dulbecco’s Modified Eagle's Medium (DMEM) was purchased from Lonza 
(Basel, Switzerland). 
2.2. Raw materials 
Coffee husk and parchment from Arabica species were kindly provided by Delikia from 
Finca Morenitas in Nicaragua. CS from Arabica and Robusta species from Colombia 
was provided by Fortaleza S.A. (Spain). All coffee by-products were derived from wet-
processing.   
2.3. Raman and infrared spectroscopy 
Fourier-Transform (FT) Raman spectra were recorded with an RFS-100/S spectrometer 
(Bruker, Billerica, USA). A single 4x4 mm2 endocarp shell was positioned between a 
thin quartz window (1 mm) and a silver-mirror. Spectra were recorded according to 
previous measuring protocols for green coffee (Keidel et al., 2010). 
Complementary endocarp FT-infrared (IR) spectra were recorded in a Tensor27 FT-
spectrometer (Bruker, Billerica, USA), equipped with a diamond attenuated total 
reflection (ATR) cell (Durascope Resultec). The single endocarp shell was positioned 
and pressed towards the ATR-diamond surface. Absorbance spectrum was calculated 
from the recorded sample spectrum and a previously measured reference spectrum 
(empty ATR-cell). Further details regarding spectrometers and data processing are given 
elsewhere (Ulijasz et al., 2009). 
For the band assignment of the endocarp IR and the Raman spectra, we refer to previous 
experimental works in cellulose, lignin and further related compounds (Adebajo et al., 
2006; Gierlinger et al., 2013; Nabais et al., 2008).  
2.4. Characterization of coffee by-product extracts 
2.4.1. Preparation of aqueous extracts from coffee by-products 
Coffee by-product extracts were produced as described in the patent WO 2013/004873 
(del Castillo et al., 2013). Briefly, 50 mg of coffee husk, parchment or silverskin were 
added per milliliter of boiling water. This mixture was stirred at 250 rpm for 10 minutes; 
filtered by a 250 µm filter and then through Whatman paper No. 4; and the filtrate and 
the insoluble residue were freeze-dried. Extracts were prepared three times.  
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2.4.2. Caffeine and 5-CQA  
Caffeine and 5-CQA content was determined by ultra-performance liquid 
chromatography - tandem mass spectrometer (UPLC-MS/MS) (Thermo-Scientific, San 
José, CA, USA) as described by Fernandez-Gomez et al. (2016). For quantification, 
samples were diluted in milli-Q water and added with 50 µg/ml of phluoroglucinol as 
internal standard for the most abundant chlorogenic acid (CGA) described for coffee (5-
caffeoylquinic acid, 5-CQA) and 50 µg/ml of salicylic acid as internal standard for 
caffeine. To verify the reproducibility and possible variations, all experiments were 
performed in triplicate. Compound concentrations were expressed in mg caffeine or 5-
CQA/ g of sample. 
2.4.3. Overall antioxidant capacity 
The trapping capacity of cationic free radicals was evaluated using the method of radical 
ABTS+ bleaching described by Re et al., (1999) and modified by Oki et al. (2006) for 
its use in microplate. Aqueous solutions of CGA (0.15 – 2.0 mmol/l) were used for 
calibration. Absorbance was measured in microplate using a UV-Visible 
Spectrophotometer (BioTek Instruments, Winooski, VT, USA). All measurements were 
performed in triplicate, and results were expressed as mg CGA eq. per gram of sample. 
2.4.4. Total phenolic compounds 
Folin–Ciocalteu adapted to a micromethod format was used for the analysis of total 
phenolic compounds in samples (Contini et al., 2008). The reaction was initiated by 
mixing 10 µl of sample with 150 µl of Folin–Ciocalteu solution. After 3 minutes at room 
temperature, 50 µl of sodium bicarbonate solution were added. The kinetics of the 
reaction at 37 ºC was followed for 120 minutes by measuring the absorbance at 735 nm 
once every minute using a UV-Visible Spectrophotometer (BioTek Instruments, 
Winooski, VT, USA). Sample blank and reagent blank were also analyzed in each set of 
samples. A CGA calibration curve was used for quantification (0.1 – 0.8 mg/ml). Results 
were expressed as µmol CGA eq./g. All measurements were performed in triplicate. 
2.4.5. Total flavonoid content 
Total flavonoid content was determined using a previously described colorimetric 
method (Xu & Chang, 2007). Briefly, 100 µL of samples or rutin (RUT) standard 
solution were mixed with 30 µL of a 5 % NaNO2 solution. After 5 minutes of incubation, 
30 µL of a 10% AlCl3 solution were added and allowed to stand for another 6 minutes 
before adding 100 µL of 2M NaOH. Absorbance was measured immediately at 510 nm 
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using a UV-Visible Spectrophotometer (BioTek Instruments, Winooski, VT, USA). 
Results were calculated and expressed as milligrams of RUT equivalents per 100 mg of 
extract. The determination was carried out in triplicate. 
2.4.6. Cell culture and treatments 
HepG2 human hepatocyte cell line was kindly provided by Dr. Paloma Morales 
(Facultad de Veterinaria, Universidad Complutense de Madrid, Spain). Cells were 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10 % 
fetal bovine serum (FBS), 1 % L-glutamine and 1 % penicillin/streptomycin in standard 
conditions (37 ºC, 5 % CO2, in a humidified incubator, BINDER CB series 2010, 
Tuttlingen, Germany). 
2.4.7. Cell viability assays 
The effect of different concentrations of husk, parchment, and CS extracts on cell 
viability was measured using the MTT assay (Bakondi et al., 2003). Powdered extracts 
were prepared in PBS and sterile filtered when used in cell culture. Cells were cultured 
at a density of 1.0 x 105 cells per well of a 96-well plate. After 24 hours, cells were 
treated with husk, parchment, and CS extracts diluted in DMEM culture medium (0.1, 
1, 10 and 20 mg/ml) for 24 hours. DMSO (50 %) was used as death control. 
Subsequently, cells were incubated in MTT solution (0.5 mg/ml) for 1 h at 37 ºC. The 
supernatant was then removed, 100 µL of DMSO were added, and the optical density at 
570 nm was measured using a microplate reader (BioTek Synergy HT Multi-Mode 
Microplate Reader, Winooski, VT, USA). Experiments were carried out in triplicate. 
2.4.8. Intracellular ROS scavenging assay 
The analysis was performed by measuring the fluorescence intensity of the DCFH-DA 
probe, which was proportional to the amount of ROS formed (Gomes et al., 2005). A 10 
mM solution of DCFH-DA was prepared (5 mg in 1 ml DMSO), and a 50 µL aliquot 
was separated. Then, 800 µL of DMSO were added to the 50 µL solution. After 24 hours 
of extract incubation, cells were pre-loaded with 2.5 µL/well of this last solution for 30 
minutes at 37 ºC. After incubation, DCFH becomes dichlorofluorescein (DCF) due to 
intracellular oxidants and will emit fluorescence. Next, the culture medium was 
removed; cells were washed with PBS; and the three coffee by-product extracts (1 
mg/ml) were added for 1 hour. tBOOH 1 mM was used as a positive control. Then, 
fluorescence was measured at 485 nm/528 nm (BioTek Synergy HT Multi-Mode 
Microplate Reader). Experiments were carried out in triplicate. 
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2.5. Characterization of the insoluble fraction obtained from coffee by-products during 
the extraction process 
2.5.1. Dietary fiber  
Insoluble (IDF), soluble (SDF) and total (TDF) dietary fiber content was determined 
using the Total Dietary Fiber Assay Kit (Megazyme International Ireland, Ireland) 
following the manufacturer’s instructions, and based on the enzymatic–gravimetric 
method. Results are expressed as percentage (%). 
2.5.2. Total protein 
 Protein content was determined by Kjeldahl mineralization followed by a colorimetric 
analysis of nitrogen for quantification (AOAC-32.1.22, 920.87). NH4Cl was used for a 
standard calibration curve. A conversion factor (6.25) was used to calculate protein 
content. Results were expressed as % dry matter (d.m.). 
2.5.3. Total lipid content 
Using a modified protocol described by Folch et al. (1987), lipid content was determined 
by a solid-liquid extraction with n-hexane. Fifty milliliters of n-hexane were added to 
the insoluble fractions (1 g) and the mixture was homogenized using an Ultra-Turrax for 
3 minutes and subjected to an ultrasonic bath for 20 minutes to improve lipid extraction. 
Then, samples were centrifuged at 1620 g for 20 minutes.  Supernatant’s solvent was 
then gently removed under controlled vacuum. Total lipid content was obtained by 
weighing difference. The assay was performed in duplicate and the results expressed as 
% lipid content. 
2.5.4. Overall antioxidant capacity  
Direct ABTS+ assay was carried out according to Açar et al. (2009). Ten mg of sample 
were mixed with 90 mg of cellulose and stirred, 10 mg of the mixture were mixed 
together with 1.7 ml of ABTS+ solution in a thermomixer (25 ºC, 2 minutes, 600 rpm). 
After centrifugation, absorbance of the supernatant was measured in a microplate. A 
CGA calibration curve (0 – 250 µg/ml) was used. Measurements were performed in 
triplicate and results expressed as mg CGA eq. per gram of sample. 
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2.6. Safety assays 
2.6.1. Pesticides 
The gas chromatography system (HPGC-7890A) was equipped with split/splitless 
injector and a MS detector (model MS-5975-VL-MSD with Triple –Axis Detector). The 
automatic split/splitless injector operated at 250 ºC and the split (1:10) was used to detect 
the analytes with helium as the carrier gas at an approximate flowrate of 1 ml/min. Gas 
chromatographic analysis of samples (husk extract and insoluble fraction, raw 
parchment and Arabica CS extract and insoluble fraction) was performed using a 30 m 
× 0.25 mm ID capillary fused silica column coated with a 0.25 µm film of TRB-5 
(Teknokroma, Spain). Oven temperature-ramp followed a 12 °C/min increase-rate from 
60 ºC (2 min) to 140 ºC and 6 °C/min up to 320 ºC. Desired temperature was maintained 
for 5 minutes. 
The ion source temperature of the MS was 230 ºC, mass range 40–500 amu, scan speed 
1666 amu/s, interface temperature 230 ºC. First, the SCAN mode and then the selected 
ion monitoring (SIM) mode were used for the analyses. An advanced pressure control 
supplied helium to the interface at constant pressure (95 kPa). In all cases, analyses were 
made in triplicate. Pesticide identification was based on the retention time and the 
relative abundance of the specific ions (used in the SIM mode), compared from the 
sample extract (Supplementary Material, Table S1). The number of monitored ions, 
preferably and if possible a minimum of three, was dependent on the pesticide. Analyzed 
pesticides were HCH-α, HCH-β, HCH-γ, HCH-δ, heptachlor, Aldrin, hexachlorbenzene, 
endosulfan-α, endosulfan-β, chlorpyrifos methyl, parathion methyl, parathion ethyl, 
dieldin, endrin, 4,4-DDE, 2,4-DDD, 44DDT, 24DDE and mirex.  
2.6.2. Mycotoxins  
Samples (husk extract and insoluble fraction, raw parchment and Arabica CS extract and 
insoluble fraction) were ground with an A-10 Basic laboratory mill (IKA, Staufen, 
Germany) and stored at -20 ºC until use. Ground samples (1 g) where mixed with 
acetonitrile:water (80:20, v/v, 2.5 ml) in a 15 ml centrifuge tube, vortexed (5 min), 
sonicated (3 min), vortexed again (1 min) and then samples were centrifuged (3000 g, 
10 min). Subsequently, the supernatant was separated. The residue was extracted again 
following the same procedure and the supernatants were combined. One ml of the 
supernatant was transferred to a new 15 ml centrifuge tube and diluted with water (7 ml) 
to a total volume of 8 ml and centrifuged (3000 g, 10 min). 
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Mycotoxins were extracted using ISOLUTE® Myco 60 mg/3 ml (Biotage, Sweden) SPE 
columns following the procedure recommended by the supplier. Briefly, SPE column 
was conditioned with 2 ml acetonitrile, equilibrated with 2 ml of ammonium acetate (10 
mM) and 3 ml of the diluted sample extract were loaded. Then, the column was washed 
with 10 mM ammonium acetate (3 ml) and with 10 mM ammonium acetate:acetonitrile 
(90:10, v/v, 3 ml) and dried for 30 seconds at maximum vacuum. Finally, the sample 
was eluted with 0.1% formic acid in acetonitrile (2 ml) and then with 0.1% formic acid 
in methanol (2 ml). The combined eluates were dried under vacuum (5 mbar at 35 °C) 
and reconstituted in 250 µL of 0.1 % acetic acid in 20 % acetonitrile:methanol (1:1, v/v). 
HPLC-QToF analysis: The analytical system used consisted of a 1260 Infinity HPLC 
system coupled to a 6545 quadrupole-time of flight (Q-ToF) mass spectrometer detector 
(Agilent, Waldbronn, Germany). Control software was Mass Hunter Workstation 
(version B.06.11). The Q-ToF used a Dual Jet Stream Electrospray Ionization (Dual 
AJS-ESI) source operated in the positive ionization mode, and the following parameters 
were set: capillary voltage, 4000 V; fragmentor, 120 V; nozzle  voltage 500 V; gas 
temperature, 130 ºC; drying gas,13 l/min; nebulizer, 30 psig; sheath gas temperature, 
300 ºC; sheath gas flow, 11 l/min; acquisition range, 80-1000 m/z. Samples were 
analyzed after injection (30 μl) on a Zorbax Eclipse Plus C18 Rapid Resolution HD 
column (2.1 × 50 mm, 1.8 μm, Agilent, Santa Clara, CA) protected with a 5 mm guard 
column of the same material thermostated at 30 ºC. The solvents system were 5 mM 
ammonium formate + 0.1% formic acid (solvent A) and 5 mM ammonium formate + 
0.1% formic acid in methanol (solvent B). The elution gradient was (time, % of solvent 
A): 0 min, 90 %; 0.5 min, 90 %; 10 min, 30 %; 15 min, 2 %; 18 min, 2 %;  20 min, 90 
% and a post time of 5 min. Compounds were identified and quantified using the 
algorithm “Find by Formula” that evaluated the mass accuracy together with the isotopic 
relative abundance and isotopic separation. 
2.6.3. Acrylamide  
The quantification of acrylamide in Arabica CS extract and insoluble fraction was 
carried out in a laboratory that participates in appropriate proficiency testing schemes 
(which comply with the ‘International Harmonised Protocol for the Proficiency Testing 
of (Chemical) Analytical Laboratories’) developed under the auspices of 
IUPAC/ISO/AOAC and using approved analytical methods for detection and 
quantification (HPLC-MS/MS, ISO 18862:2016) according to Commission Regulation 
(EU) 2017/2158. This analysis was performed by Coffee Consulting S.L.  
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2.6.4. Acute toxicity assay 
In accordance to OECD (Organization for Economic Co-operation and Development) 
Test Guidelines 425 (Up and Down Procedure), healthy young adult nulliparous and 
nonpregnant female rats, weighing 180.52 ± 6.42 g (8 weeks old) at the start of the 
experiment, were procured from Charles River (Sant Cugat del Vallés, Spain). The 
present study was approved by the Institutional Animal Ethics Committee (Reg. No. 
PROEX 011/17) of Community of Madrid, Spain. 
Rats were housed in cages with free access to standard food (A04 Safe Diets, Augy, 
France) and water ad libidum. According to OECD Test Guidelines 425 (OECD, 2008), 
limit test of raw parchment (section 2.2) and husk and Arabica CS extracts (section 2.4.1) 
was performed at 2000 mg/kg b.w. by gavage as a single dose to one rat. Husk and CS 
extracts were dissolved in water and parchment was dissolved in corn oil. As a control, 
one rat was dosed with water and another rat with corn oil to establish a comparative 
negative control group. Rats were closely observed for the first 30 minutes, then for 4 h. 
After survival of the treated rat, 4 additional female rats per group were administered 
with the same dose under the same conditions. 
Body weight changes, signs of toxicity, behavior and mortality were observed for 24 
hours after administration and once daily for 14 days. Then, rats were sacrificed by 
exposure to excess carbon dioxide in a gas chamber for necropsy examination. Internal 
organs (heart, lungs, liver, kidneys, spleen, adrenals, sex organs and brain) were 
collected for histopathological examination. 
Tissue samples were routinely processed for histology and fixed in buffered formalin 
10% (Panreac©, Barcelona, Spain, stabilized with methanol at pH 7) for 24 hours at room 
temperature. Samples were then embedded in synthetic paraffin (Casa Alvarez, Madrid, 
Spain) with a melting point of 56 °C, using an automatic tissue processor (ASP300, 
Leica®, Wetzlar, Germany), with a program of automatic transmissions alcohols 
increased histological grading. Blocks were performed in a block forming unit (console 
Leica© EG1140H and cold plate Leica© EG1130) and 4 micron thick sections were 
obtained from rotation microtome Leica© brand, model RM 2155. Sections were 
deparaffinized in xylene and hydrated in alcohol and water. Conventional staining 
method, hematoxylin & eosin, was used by means of Leica© auto stainer SP4040. Then, 
dehydrated first ascending alcohol series and xylene were used, and finally, mounted 
with DPX (Nustain©, Nottingham, UK). 
 
Chapter 1 
90 
 
2.7. Statistical analysis 
Data were expressed as the mean ± SD. Prior to statistical analysis, all data were tested 
for variance homogeneity using the Levene’s test. Logarithmic transformation of the 
response variable was used to achieve homocedasticity when needed. One-way analysis 
of variance (ANOVA) was performed. Statistical comparisons of the different treatments 
were performed using Tukey’s test. Values of p < 0.05 were considered statistically 
significant. All statistical analyses were performed using SPSS Statistics 24.  
3. Results and discussion 
3.1. Characterization of coffee husk and its potential applications 
Coffee husk extract (Figure 1a) showed the highest extraction yield (28 %), followed by 
CS extract (14 %) and parchment extract (2.3 %). Data on the characterization of coffee 
husk extract are summarized in Table 1. 5-CQA and caffeine were detected in all three 
extracts. Thus, caffeine concentration was higher than that corresponding to the phenolic 
compound whose concentration increased towards the fruit’s core. Therefore, extract 
from coffee husk, the outer part of the cherry, showed the lowest values of the two 
bioactive compounds (1.7 mg 5-CQA/g and 13.9 mg caffeine /g). Husk extract also 
presented the lowest (p < 0.05) amount of total phenolic compounds (TPC) and total 
flavonoid content (TFC) under the tested conditions (15.6 mg CGA eq./g and 0.9 g RUT 
eq./g, respectively). The lowest total antioxidant capacity (TAC) corresponded to husk 
extract, in accordance with the obtained data of TPC, TFC and 5-CQA content. Some 
authors have previously reported the amount of caffeine and CGA in raw coffee husk, 
13 and 25 mg/g, respectively (Murthy & Naidu, 2012; Pandey et al., 2000). Husk extract 
obtained under the conditions described in this work (WO 2013/004873) presented the 
same levels of caffeine as in the starting material.  
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Table 1. Bioactive compounds of Arabica husk, Arabica parchment and Arabica and Robusta 
silverskin (CS) extracts. 
Data are expressed as the means ± standard deviation (n = 3). Values in each row with different 
letters differ significantly (Tukey test, p < 0.05). 5-CQA, 5-caffeoylquinic acid; CGA, 
chlorogenic acid; RUT, rutin; TAC, total antioxidant capacity; TFC, total flavonoid content; TPC, 
total phenolic compounds. 
 
Table 2 shows the viability of HepG2 cells after 24 hours of incubation with husk extract 
at different concentrations (0.1 to 20 mg/ml). At concentrations of 0.1 and 1 mg/ml, cell 
viability was not significantly (p > 0.05) altered, while 20 mg/ml resulted cytotoxic. To 
date, there are no published studies about the effect of water soluble bioactive 
compounds from coffee husk on cell viability. Table 2 also shows the effect of husk 
extract on the prevention of intracellular ROS formation. The addition of tBOOH 1 mM 
to the culture medium significantly increased (p < 0.05) intracellular ROS production (≈ 
44 %) compared to non-treated cells. Cells pre-treated for 24 hours with husk extract (1 
mg/ml) showed a significant reduction (p < 0.05) in ROS levels compared to cells treated 
with tBOOH. ROS values were similar for non-treated cells (control) and those treated 
with the extract in absence of tBOOH, suggesting no effect in the physiological 
production of radicals. This is the first time that the effect of coffee husk on intracellular 
ROS formation has been described. Understanding the cellular defense action 
mechanism requires further research beyond the scope of the current study. 
Nevertheless, coffee husk extract should be considered a potential agent for the 
prevention of cellular damage induced by oxidative stress.  
 
Analysis Husk Parchment 
Silverskin 
Arabica Robusta 
5-CQA (mg/g) 1.7 ± 0.3c 6.1 ± 0.7b 9.4 ± 2.6b 21.3 ± 6.2a 
Caffeine (mg/g) 13.9 ± 0.8c 58.2± 4.2a 24 ± 1.3b 53.3 ± 1.7a 
TPC (mg CGA eq./g) 15.6 ± 6c 68.2 ± 12a 44.8 ± 11.9b 56.5 ± 10.7a 
TFC (g RUT eq./g) 0.9 ± 0.1c 6 ± 0.1a 3.4 ± 0.1b 6.3 ± 0.3a 
TAC (mg CGA eq./g) 80.6 ± 9c 202.2 ± 39.3a 138.7 ± 14.8b 169.5 ± 26.7b 
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Table 2. Effect of 24 h treatment with noted concentrations of husk, parchment and CS extract 
on cell viability and intracellular ROS generation in HepG2 cells determined by the MTT assay 
and the DCFH-DA probe, respectively. DMSO (50 %) was used as a death control and oxidative 
damage was induced by t-BOOH (1 mM).  
  % Cell Viability % ROS 
Control - 100 ± 6.9d 100 ± 14.3b 
Husk extract 0.1 mg/ml 96.5 ± 7.1d N.D. 
 1 mg/ml 94.8 ± 9.2d 84.9 ± 9.1b 
 10 mg/ml 92.4 ± 8.2cd N.D. 
 20 mg/ml 80.8 ± 9.5c N.D. 
Parchment extract 0.1 mg/ml 93.4 ± 20.7cd N.D. 
 1 mg/ml 96.5 ± 22.9d 54.6 ± 12.5a 
 10 mg/ml 21.1 ± 3.9b N.D. 
 20 mg/ml 21.2 ± 6.3b N.D. 
CS extract 0.1 mg/ml 96.5 ± 4.8d N.D. 
 1 mg/ml 101.5 ± 3.9d 63.9 ± 7.2a 
 10 mg/ml 115.8 ± 5.1e N.D. 
 20 mg/ml 115.7 ± 11.5e N.D. 
Death control DMSO 50 % 4.8 ± 0.6a - 
Oxidation control tBOOH 1 mM - 144.5 ± 24.2c 
N.D. non determined. Data represent means ± SD of 18 samples per condition. Different letters 
denote statistically significant differences between all treatments (Tuckey test, p < 0.05). 
 
Soluble dietary fiber (SDF) was found in the insoluble fraction generated during the 
extraction process of coffee husk in significantly higher concentrations (p < 0.05) than 
in the rest of the studied samples (12.3 %, Table 3). Total dietary fiber (TDF) values of 
husk insoluble residue are in the range described by Gouvea et al. (2009), but in lower 
amounts compared to the results obtained by Navya & Pushpa (2013).  Coffee husk has 
been characterized as a source of soluble dietary fiber aimed for use in food and 
pharmaceutical applications. Due to its properties as an emulsifier and stabilizer, this 
extracted dietary fiber is a promising new ingredient for the food and beverage industry 
(www.pectcof.com).  
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Table 3. Characterization of insoluble fractions recovered from Arabica husk, Arabica parchment 
and Arabica and Robusta silverskin (CS) during the aqueous extraction process.  
Analysis Husk Parchment 
Silverskin 
Arabica Robusta 
TDF (%) 71.9 ± 5b 92.6 ± 0.4a 67.7 ± 1.6b 69.3 ± 0.7b 
SDF (%) 12.3 ± 2.8a 0.5 ± 0.1c 3.7 ± 0.0b 3.4 ± 0.6b 
IDF (%) 59.6 ± 2.2b 92.1 ± 0.3a 64 ± 1.6b 66 ± 0.1b 
Total proteins (%) 8.4 ± 0.7b 3.1 ± 0.2c 10.9 ± 0.9b 19 ± 1.8a 
Lipids (%) 2.7 ± 0.1b 0.3 ± 0.0c 2.6 ± 0.3b 3.6 ± 0.3a 
TAC (mg CGA/g) 48.6 ± 2.5a 4.1 ± 0.1d 34.1 ± 2.5b 22.4 ± 3.7c 
Data are expressed as the means ± standard deviation (n = 3). Values in each row with different 
letters differ significantly (Tukey test, p < 0.05). CGA, chlorogenic acid; IDF, insoluble dietary 
fiber; SDF, soluble dietary fiber; TAC, total antioxidant capacity; TDF, total dietary fiber. 
 
In addition, husk residue presented a protein content of 8.4 % (Table 3), which is within 
the range reported by other authors (Brand et al., 2001; Gouvea et al., 2009). Lipid 
content was also in the same range reported by Gouvea et al. (2009). Regarding the total 
antioxidant capacity of this (water-insoluble) fraction, coffee husk showed the highest 
values, with 48.6 mg CGA/g (p < 0.05).  This is the first time the antioxidant character 
of the dietary fiber from coffee husk is described. In addition to its antioxidant properties, 
consumption of SDF has nutritional relevance due to its positive impact on health by 
decreasing serum cholesterol, postprandial blood glucose and insulin contents in the 
human body (Bruntha Devi et al., 2011). The ability of SDF to retard the absorption of 
glucose in the small intestine is a desirable characteristic in the development of foods 
for diabetic populations (Onyango et al., 2004). 
With regard to contaminants, no pesticides were detected either in husk extract or husk 
insoluble fraction. OTA was detected in husk insoluble fraction (4.3 µg/kg) in amounts 
below the maximum levels of 5 µg/kg established by the European Commission 
(European Commission, 2005) (Table 4). In contrast, OTA levels in husk extract were 
below the quantification limit (< 0.3 µg/kg). Furthermore, neither aflatoxin B1 nor 
enniantin B were detected in husk extract or its solid residue. García-Moraleja et al. 
(2015) reported OTA, Aflatoxin B1 and Enniantin B as the most frequent mycotoxins in 
coffee beverages (Garcia-Moraleja et al., 2015).    
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Table 4. Microbial and food processing contaminants.  
 
Husk 
Parchment 
 
CS 
Extract 
Insoluble 
fraction 
Extract 
Insoluble 
fraction 
Mycotoxins (µg/Kg)      
Aflatoxin B1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Enniantin B < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Ochratoxin A < 0.3 4.3 ± 0.5a 2.7 ± 0.1a < 0.3 2.9 ± 0.5a 
Acrylamide (µg/Kg) N.D N.D N.D 489 < 50 
N.D. non determined. Data represent means ± SD of duplicate of analysis. Different letters denote 
statistically significant differences between all treatments (Tuckey Test, p < 0.05). 
 
The chemical composition and antioxidant capacity of coffee husk underline its potential 
as a food ingredient with promising health-promoting properties. For instance, coffee 
pulp has been proposed as a potential source of anthocyanins (pigments widely 
distributed in colored fruits and flowers). Murthy et al. (2012) reported cyanadin-3-
rutinoside as the major anthocyanin in coffee pulp. Interest in anthocyanins has emerged 
due to their potential health benefits as antioxidant, anticarcinogenic, anti-inflammatory 
and hypoglycemic agents and as insulin sensitivity promoters (Lila, 2004). Coffee husk 
has also been used in the production of fructooligosaccharides (FOS), low caloric, non-
carcinogenicity fructose oligomers which promote decreasing levels of phospholipids, 
triglycerides, and cholesterol. This helps gut absorption of calcium and magnesium 
thereby stimulating probiotic growth in the human colon (Mussatto et al., 2009).  
Considering the extraction yield, the chemical composition of both fractions, the in vitro 
antioxidant capacity and the effect on HepG2 intracellular ROS production, we propose 
the fractioning of coffee husk into two novel ingredients. First, an enriched extract with 
potential implementation as a food preservative, natural colorant or health-promoting 
food ingredient, and another fraction used as a source of antioxidant dietary fiber.  
3.2. Characterization of coffee parchment and its potential applications 
As an extended approach to standard analytical characterization, we investigated 
parchment using vibrational spectroscopy as a non-invasive technique. Vibrational 
spectroscopy is a reliable tool to characterize structural composition in coffee (Keidel et 
al., 2010) and a rapid analytical tool for extracts and future food and health applications. 
In the Raman spectrum (Figure 2A), a strong, broad envelope containing C-H stretching 
modes was observed, possibly of CH2-functional groups in the highest frequency region 
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(2700-3600 cm-1). Main peaks were at 2937 and 2896 cm-1. At lower frequencies a peak 
at 2712 cm-1 was identified, which is characteristic of the H-stretching modes of a O-
CH2-O group or an CH3 umbrella overtone. Within the broad band envelope, C-H 
stretching modes rising also aromatic systems have the strong contribution, since they 
are highly Raman active. Conversely, fewer IR-bands (Figure 2B 2700-3600 cm-1 
region) were found. At even higher frequencies, namely at 3322 cm-1, we found a weak 
Raman-active yet strong and broad IR-active peak. This was assigned to alcohol O-H 
stretching. Only two IR-active peaks were identified at lower frequencies at 2854 and 
2924 cm-1, both related to CH2-stretching coordinates (Supplementary Material, Table 
S2). 
 
Figure 2. IR and Raman spectrum of coffee parchment. Relevant bands and vibrational modes 
are indicated. 
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At 1602 and 1658 cm-1, two C=C stretching modes with strong Raman activity and 
negligible IR intensity were identified. In fact, this region in the IR spectrum was rather 
broad. As the broad peak at 1632 cm-1 might contain small contributions of amid-I 
modes, a low, yet detectable protein concentration in the parchment (vide infra) is 
assumed. The band at 1602 cm-1 was assigned to an aromatic ring def., whereas the peak 
at higher frequencies contained contributions rising from a C=C double bond, possibly 
in the vicinity of a benzyl (or phenyl) group. At 1732 cm-1 a strong IR-active and a weak 
Raman band associated with carbonyl C=O stretching coordinates were detected.  
The further assignment mainly refers to the analysis of the parchment Raman spectrum. 
At lower frequencies, namely between 1000 and 1500 cm-1, (in-plane) bending and 
deformation modes gave rise to the main contribution in this region. These allowed a 
further structural assignment of endocarp composition. The band at 1461 cm-1 was 
assigned to the CH3 (or CH2) flowering mode of methyl (methylene) coordinates, 
whereas the peak at 1378 cm-1 contained further coordinates of the CH2, HCC, HCO and 
COH bending modes. Unlike double bond stretching modes, the potential energy 
distribution of these vibrations is less localized and includes relatively large 
contributions of distinct coordinates. Deformation of the O-H groups in aliphatic and 
aryl alcohols contribute to the bands at 1333 and 1278 cm-1, respectively. A band 
containing glycoside symmetric ring breathing was located at 1095 cm-1, whereas the 
peak at 1038 cm-1 mainly contained contributions of C-C and C-O stretching coordinates. 
Finally, the peak at 899 cm-1 was assigned to HCC and HCO bending modes. The 
adjacent peak at 926 cm-1 probably contained further angle bending modes (CHO, CCH 
or similar), however an unambiguous assignment was not possible. While the Raman 
spectrum contained very strong bending modes, only a broad and prominent envelope at 
1011 cm-1 with band shoulders at 1048 and 1100 cm-1 was found. Here the highest peak 
and further low-frequency peaks could be assigned to C-O stretching modes of aryl 
alcohols, whereas the high frequency shoulders contained C-O stretching contributions 
of aliphatic alcohols, esters or ethers. 
In agreement with physicochemical studies on coffee parchment composition, the bands 
at 1658 and 1602 cm-1 have been assigned to lignin. Conversely, cellulose did not display 
any bands in this region. The corresponding marker bands were observed at 899, 1095 
and 1121 cm-1. In the high frequency region (2700-3500 cm-1), the strongest peak at 2937 
cm-1 corresponds to lignin, whereas the adjacent peaks at 2896 and 2712 cm-1 correspond 
to the C-H stretching modes of cellulose. The O-H stretching peak has contributions 
from both molecules. The strong C=O stretching mode observed at 1732 cm-1 could not 
be assigned to either of the previously mentioned compounds. It could possibly reflect a 
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third compound group, such as hemicellulose. The observed IR and Raman activity of 
the C=O group (vide supra), can only be understood if the C=O group in discussion is 
conjugated, as for example in ferulated xylan. The presence of ashes, coal and dark 
materials give rise to strong thermal emission in the Raman spectrum. If present, the 
contribution is low or negligible. 
Two components could be unambiguously confirmed in coffee parchment, namely lignin 
and cellulose. Bekalo and Reinhardt (2010) also reported the presence of these 
compounds in coffee parchment. Strong indications for a third species were presented. 
This combined spectroscopic approach provides complementary information. However, 
further studies of different parchment varieties, vibrational spectra of isolated 
compounds as well as extended chemometric analysis are required. It is interesting to 
note that the obtained results provide the first vibrational spectroscopy (IR and Raman) 
characterization of coffee by-products. 
Parchment showed the lowest extraction yield (2.3 %). This extract (Figure 1b) presented 
low levels of 5-CQA (6.1 mg/g); however, it had the highest caffeine content (58.2 mg/g) 
(p < 0.05). No bibliographical references have been found regarding caffeine and CGA 
content in aqueous extracts of coffee parchment. As shown in Table 1, parchment extract 
had the greatest antioxidant capacity (p < 0.05) of all the samples analyzed, followed by 
CS extracts. Parchment and Robusta CS extract showed the highest TPC and TFC (p < 
0.05). Table 2 includes data on the effect of parchment extract on cell viability and 
intracellular ROS formation. At concentrations of 0.1 and 1 mg/ml cell viability was not 
significantly (p > 0.05) altered, while 10 and 20 mg/ml resulted cytotoxic. Pre-treatment 
of cells with parchment extract for 24 hours (1 mg/ml) significantly reduced (p < 0.05) 
ROS levels compared to non-treated cells and cells treated with tBOOH. Parchment 
extract had a greater antioxidant effect on HepG2 cells compared to husk extract. Results 
are in line with those corresponding to TAC and TPC. Parchment extract presented the 
highest values for these parameters among the studied samples. To the best of our 
knowledge, no studies have been published on the effect of coffee parchment on cell 
viability and intracellular ROS formation. 
The insoluble fraction of coffee parchment obtained after extraction presented the 
highest amount of TDF (p < 0.05) (92.6 %) mainly composed of IDF (92.1 %) (Table 
3). Protein content in the parchment insoluble fraction was 3.1%, which was the lowest 
value compared to the rest of the samples. Our results showed that parchment insoluble 
fraction also displayed the lowest (p < 0.05) lipid content (0.3 %). To date, no other data 
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on protein and lipid content of coffee parchment have been published. Furthermore, it 
also had the lowest antioxidant capacity (4.1 mg CGA/g).  
Considering the food safety of raw parchment, none of the studied pesticides were 
detected in this sample. Aflatoxin B1 and enniantin B were not present in parchment 
(Table 4). However, OTA was detected at 2.7 µg/kg, which is under the limit established 
by the European Commission (5 µg/kg). Therefore, the raw material should be thermally 
stabilized to avoid microbial contamination and the production of mycotoxins during its 
storage, to increase the shelf-life of the sample and to ensure its safe use as a food 
ingredient for human beings.  
Until now, applications for coffee parchment as a food ingredient remain largely 
unexplored. Despite the promising chemical composition of aqueous parchment extract 
and its high in vitro antioxidant capacity, we suggest that coffee parchment should be 
used as it is after a simple thermal stabilization, since extraction yields are rather poor. 
New applications of coffee parchment in the food industry as a natural source of 
antioxidant dietary fiber should be considered to revalue this by-product.  
3.3. Characterization of coffee silverskin and its potential applications 
The extraction yield of water-soluble compounds from CS (Figure 1c) was similar for 
Arabica and Robusta species. As CS is in direct contact with the coffee seeds, CS extract 
presented the highest content of 5-CQA (9.4 mg/g and 21.3 mg/g, for Arabica and 
Robusta species, respectively). The concentration ratio of caffeine/5-CQA was 2.5 in 
both the Arabica and Robusta CS extract.  However, values of both compounds were 
lower in the Arabica CS extract (Table 1). The obtained caffeine content was higher than 
that reported by other authors (Bresciani et al., 2014; Napolitano et al., 2007). In 
agreement with our results, Mesías et al. (2014) found that 5-CQA and caffeine content 
were significantly higher in Robusta than in Arabica CS extract. 
EFSA reported a safety level for daily caffeine consumption of 400 mg for the general 
population and 200 mg for lactating women. There is currently not enough information 
available to determine a safe level of caffeine intake for children (European Food Safety 
Authority (EFSA), 2015). Caffeine also presents beneficial health effects due to its 
stimulating properties (Nehlig, 2016). Arabica and Robusta CS extracts could be a 
natural source of sustainable caffeine. So far, published results suggest that caffeine 
content should not be considered as a safety concern in the application of coffee by-
products as food ingredients (Garcia-Serna et al., 2014; Martinez-Saez et al., 2014). 
However, more conclusive studies are required.  
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Robusta CS extract presented significantly higher amounts of TPC and TFC than 
Arabica CS extract (p < 0.05), and TPC and TFC concentration was significantly higher 
in these two species than in husk extract (p < 0.05) (Table 1). In this case, the TPC value 
obtained for CS extracts was in the same order of magnitude as the values obtained by 
Mesías et al. (2014).  The antioxidant capacity values of the different CS extracts did 
not differ significantly (p > 0.05). There is usually a greater proportion of antioxidants 
in Robusta CS than in Arabica CS (Mesías et al., 2014; Napolitano et al., 2007). Other 
authors have also confirmed the antioxidant character and high phenolic and flavonoid 
content in this sample (Borrelli et al., 2004; Rodrigues et al., 2015a). Although TAC 
was significantly greater in parchment extract (p < 0.05), parchment extraction yield is 
low. Therefore, CS could be a more suitable source of bioactive compounds with a 
higher antioxidant capacity. The application of CS as a natural source of antioxidants 
has been previously described (del Castillo et al., 2013; Garcia-Serna et al., 2014; 
Iriondo-DeHond et al., 2016; Mesías et al., 2014; Rodrigues et al., 2015). 
Since Arabica coffee represents around 70 % of global production (Bunn et al., 2015), 
this species was used in the in vitro studies. Arabica CS extract was not cytotoxic in 
HepG2 cells at none of the tested concentrations. For doses of 10 and 20 mg/ml of 
Arabica CS extract, cell viability increased significantly (p < 0.05) (Table 2). The non-
cytotoxic character of CS has also been studied in other cell lines (Iriondo-DeHond et 
al., 2016; Iriondo-DeHond et al., 2017; Rodrigues et al., 2015). Arabica CS extract was 
more effective in the reduction of induced ROS than husk extract, and as effective as 
parchment extract. This is in agreement with their corresponding antioxidant capacity 
studied in vitro. The protective effect of CS in the reduction of induced ROS formation 
has been reported for other cell lines (Fernandez-Gomez et al., 2016; Iriondo-DeHond 
et al., 2016). 
The TDF content in the remaining CS solid insoluble fraction after the aqueous 
extraction process was similar for Arabica and Robusta varieties (Table 3). Values 
obtained for CS dietary fiber are similar to those previously described (Ballesteros et al., 
2014; Borrelli et al., 2004; Garcia-Serna et al., 2014). Most of the dietary fiber found in 
the sample was insoluble, and values of SDF were lower than those recently described 
(Esquivel & Jiménez, 2012; Napolitano et al., 2007). In agreement with previous results 
(Ballesteros et al., 2014; Borrelli et al., 2004; Pourfarzad et al., 2013), the highest protein 
content corresponded to Robusta CS (19 %). Lipid content of the insoluble residues of 
CS was 2.6 % and 3.6 % for Arabica and Robusta, respectively, in the same range as that 
previously described by Ballesteros et al. (2014) and Borrelli et al. (2004). 
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Food safety of Arabica CS was validated by the absence of pesticides, aflatoxin B1 and 
enniantin B (Table 4). OTA was present in the insoluble fraction of this sample (2.9 
µg/kg) in a concentration below the limit established by the European Commission (5 
µg/kg) and was not detected in CS extract. Other authors have described the presence of 
OTA in CS (Toschi et al., 2014).  The analysis of this contaminant is mandatory to ensure 
the safety of CS extract as a food ingredient. Since CS is the only by-product generated 
during the roasting process of coffee beans, acrylamide content was also studied in this 
sample. Levels of 489 µg/kg of this water-soluble compound were found in CS extract. 
This value is between the values established by the European Commission for roasted 
coffee (400 µg/kg) and instant coffee (850 µg/kg) (European Commission, 2017). In 
contrast, CS insoluble fraction presented levels < 50 µg/kg. Mitigation of acrylamide in 
CS can be achieved following the instructions recommended for roasted and instant 
coffees by the European Commission.  
Arabica CS, CS extract and the insoluble fraction recovered from the water extraction 
process have been implemented to improve the formulation of biscuits. In this study, CS 
was used as a natural colorant and as a source of fiber (Garcia-Serna et al., 2014). CS 
has also been used to improve the quality, shelf-life, sensory qualities and appearance of 
Barbari bread (Pourfarzad et al., 2013). Other authors proposed the use of CS as a source 
of prebiotics (Borrelli et al., 2004; Jiménez-Zamora et al., 2015; Mussatto et al., 2013). 
In addition, CS has been used in combination with roasted coffee and cocoa powder to 
obtain innovative coffee blends that were rich in bioactive compounds, such as CGAs, 
trigonelline, theobromine, and caffeine (Ribeiro et al., 2014). Other novel antioxidant 
beverages based on raw CS and CS extract from Arabica and Robusta species have been 
developed to study their inhibitory effect on fat accumulation using Caenorhabditis 
elegans as an in vivo model (Martinez-Saez et al., 2014). According to our results, 
improved fractioning of CS will yield a superior aqueous extract rich in bioactive 
compounds with the potential to reduce diabetes and obesity, among other conditions. 
Similarly, the potential of coffee husk extract to reduce the risk of chronic diseases 
should also be studied.  
Considering the extraction yield and chemical characterization of each by-product 
fraction, we suggest single-fraction separation and development of two new 
multifunctional ingredients. As proposed for coffee husk, CS is a suitable source for an 
enriched extract which could be implemented as a food ingredient with antioxidant and 
antidiabetic properties (del Castillo et al., 2016). Furthermore, the insoluble fraction can 
be used as a source of antioxidant dietary fiber.  
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3.4. Food toxicity of novel ingredients 
Single oral administration of the three validated coffee by-products (raw parchment and 
husk and Arabica CS extracts) at a dose of 2000 mg/kg b.w. showed no visible signs of 
toxicity, abnormal behavior or mortality. Relative organ weights are shown in Table S3 
(Supplementary Material). No significant differences (p > 0.05) were found among 
groups. Intake of an acute dose of ingredients (2000 mg/kg b.w) did not cause significant 
changes in histological parameters of vital organs. Livers of the control and treated rats 
showing normal hepatic lobules, polyhedral hepatocytes with central vesicular nuclei 
and eosinophilic granular cytoplasm are shown in Figure 3a and 3b, respectively. 
Similarly, the control and treated kidney sections showed a normal histological picture 
composed of renal corpuscles, which appear as rounded structures, and glomeruli are 
surrounded by narrow Bowman's spaces and cortical tubules with a small number of 
distal convoluted tubules and collecting tubules (Figure 3c and 3d). 
 
Figure 3. Sections of liver (a,b) and kidney (c,d) of female rats from control group (a, c), and the 
group treated with husk extract (b, d), showing a normal architecture in both tissues (H&E x400). 
To the best of our knowledge, very few studies regarding the presence of contaminants 
in coffee by-products have been previously published. No lethal effects were observed 
in rats treated with 2000 mg/kg b.w. by oral administration. Results are supported by 
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data on contaminants. As previously discussed, pesticides, aflatoxin B1 and enniantin B 
were not found in the coffee by-products; OTA was detected in raw parchment and in 
the insoluble fraction of husk and CS in concentrations lower than 5 µg/kg; acrylamide 
was only detected in CS and its derivatives in lower or similar concentrations to those 
found in roasted coffee (400 µg/kg) (European Commission, 2017). Caffeine 
concentrations can be considered safe and were lower than concentrations reported for 
coffee beverages (European Food Safety Authority (EFSA), 2015).  
4. Conclusions 
This study provided data for the validation of CS and coffee husk as two novel safe food 
ingredients: an enriched extract with multifunctional properties and an insoluble fraction 
composed of dietary fiber of different nature (soluble and insoluble). The fractioning 
procedure is a sustainable, low-cost process which could be easily performed by the 
coffee industry without the production of new waste. We also propose that coffee 
parchment be used as a single food ingredient composed of antioxidant insoluble dietary 
fiber after a thermal stabilization process. Thus, coffee by-products can be converted 
into promising safe health-promoting food ingredients, providing sustainable economic 
and environmental benefits. Analysis of contaminants is essential to achieve this goal. 
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Table S1. Automatic search parameters for the pesticide mixture analyzed in GC-MS (Sim 
mode). (*) Second injection. 
Pesticide Molecular mass 
(m/z) 
Molecular ions 
(m/z) 
Time window 
(min) 
HCH-α 290.8 71, 253, 255 5.0 – 22.0 
HCH-β 290.8 71, 253, 255 5.0 – 22.0 
HCH-γ 290.8 71, 253, 255 5.0 – 22.0 
HCH-δ 290.8 71, 253, 255 5.0 – 22.0 
Heptachlor 373.3 266, 298, 300 22.0 - 24.5 
Aldrin 364.9 235, 237, 330 22.0 - 24.5 
Hexachlorbenzene 284.7 250, 284, 286 22.0 - 24.5 
Endosulfan-α 406.9 237, 342, 372, 408 21.0 - 25.0(*) 
Endosulfan-β 406.9 242, 372, 406 21.0 - 25.0(*) 
Chlorpyrifos methyl 322.5 141, 214, 285 25.0 - 30.0(*) 
Parathion methyl 263.2 141.154, 263 25.0 - 30.0(*) 
Parathion ethyl 391.2 154, 169, 291 25.0 - 30.0(*) 
Chlorpyrifos ethyl 350.6 169, 214, 313, 315 25.0 - 30.0(*) 
Dieldrin 380.9 237, 346, 380 26.0 - 29.0 
Endrin 380.9 346, 380 26.0 - 29.0 
4,4-DDE 326.0 281, 316, 318 26.0 - 29.0 
2,4-DDD 320.0 246, 248 26.0 - 29.0 
44DDT 354.4 71,73, 281 29.0 - 31.0 
24DDE 318.0 246, 248, 318 29.0 - 31.0 
Mirex 545.5 368, 402, 435 31.0 - 40.0 
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Table S2. Vibrational assignment of Coffea arabica parchment. 
Freq1 IR2 Ra2 Vibrational Assignment3 Compound4 
3322 m vw ν(O-H) stretching hydroxyl groups  
3068 - w ν(C-H) arom. i. p. stretching  
2937 - vs ν(C-H) CH2 ip. stretching lignin 
2924 mw - ν(C-H) CH3 ketones  
2896 - s ν(C-H) oop asym str  
2854 mw - ν(C-H) oop asym str.  
2848 - m ν(C-H) oop asym str  
2712 - w Overtone 1378 cm-1 δ(CH3) umbrella  
     
1732 m vw C=O stretching hemicelluose 
1658 - m C=C double bond stretch, adjacent to a conj. ring lignin 
1632 m - Amid-I most likely  protein/peptides 
1602 - s arom. ring def. lignin 
1461 - m CH2 scissoring  
1378 - m CH3 umbrella  
1369 mw - C-H (CH3) def. mode  
1333 - m ω(CH2), δ(HCC), δ(HCO), δ(COH)  
1291 - w ω(CH2), δ(HCC), δ(HCO), δ(COH)  
1236 mw - τ(CH2), δ(HCC), δ(HCO), δ(COH)  
1155 mw - γ (O-CH3) lignin 
1121 - m ν(C-O-C) cellulose 
1100 m - ν(C-O) sat. sec. alcohol cellulose 
1095 - m ν(C-O-C) cellulose 
1048 w - ν(C-C), ν(C-O)  
1038 - w ν(C-C), ν(C-O)  
1011 vs - δ(O-CH3), ip ring def.  
926 - w arom. def. mode, δ (CH3) lignin 
899 w w δ(C(1)H(β)) cellulose 
1Absolute (IR) and relative (Raman) vibrational frequencies are given in cm-1. 
2IR and Raman intensity are given relatively to the strongest peak in each spectrum. 
3Vibrational assignment based on given references. 
4According to vibrational assignment. 
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Table S3. Relative organ weights in female rats included in controls and in groups exposed to 
limit dose of 2000 mg/kg b.w.  
Organs 
Water 
(control) 
Corn oil 
(control) 
Husk 
extract 
Parchment CS extract 
Hearth 0.388±0.045 0.381±0.033 0.311±0.041 0.298±0.036 0.314±0.038 
Lungs 0.798±0.089 0.816±0.105 0.789±0.099 0.805±0.072 0.718±0.099 
Liver 4.777±0.301 4.845±0.246 4.293±0.198 4.579±0.224 4.726±0.186 
Kidneys 0.954±0.166 1.089±0.153 0.912±0.133 0.850±0.113 0.898±0.099 
Spleen 0.199±0.068 0.208±0.042 0.183±0.035 0.179±0.021 0.180±0.034 
Thymus 0.200±0.055 0.202±0.029 0.193±0.055 0.179±0.011 0.180±0.026 
Adrenal glands 0.070±0.007 0.054±0.008 0.069±0.002 0.055±0.005 0.065±0.001 
Uterus 1.011±0.122 1.070±0.102 0.979±0.111 0.926±0.105 0.963±0.156 
Brain 0.892±0.101 0.925±0.099 0.979±0.110 0.861±0.201 0.818±0.187 
Values represent means ± SD (n = 5). No significant differences were detected among groups 
(Tukey test, p < 0.05). 
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CHAPTER 2  
 
This chapter aims to provide new knowledge for the validation of the novel ingredient 
obtained from the coffee roasting by-product (coffee silverskin extract, CSE): 
- In Study 2, the cytotoxicity and genotoxicity and the preventive potential 
against induced oxidative DNA damage of CSE were studied. 
- In Study 3, the nutritional value of CSE, its safety and effects of key 
biological functions were assessed in vivo. 
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Study 2: Validation of coffee silverskin extract as a food 
ingredient by the analysis of cytotoxicity and genotoxicity 
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Abstract 
The aim of the present study was to validate the food safety of CSE, by studying its 
effect on cytotoxicity (100 – 20,000 µg/ml) and genotoxicity (10, 100 and 1000 µg/ml) 
and also to investigate its preventive potential (1, 10 and 100 µg/ml) against B(a)P 
induced DNA damage. Prior to analyses, the antioxidant capacity and the 
microbiological quality of CSE were tested. DNA damage (strand breaks and oxidized 
purines/pyrimidines) was evaluated by the alkaline single-cell gel electrophoresis or 
comet assay. HepG2 cells were pre-treated with CSE (1, 10 and 100 µg/ml) for 24 h 
followed by the addition of 100 µM B(a)P in presence of CSE for other 24 h. Detection 
of oxidized purines and pyrimidines was carried out using Formamidopyrimidine DNA 
glycosylase or Endonuclease III enzymes, respectively. Chlorogenic acid (CGA), the 
major antioxidant present in coffee, was used as a control. Treatment with 100 µM B(a)P 
significantly increased (p < 0.05) levels of DNA strand breaks and oxidized purine and 
pyrimidine bases. Treatment of HepG2 cells with CSE did not induce either cytotoxicity 
or genotoxicity. CSE significantly inhibited (p < 0.05) genotoxicity induced by B(a)P 
and the observed effect may be associated to its antioxidant capacity. CGA alone at the 
concentration present in CSE was effective against B(a)P. Thus, CGA seems to be a 
contributor to the preventive effect of CSE against B(a)P induced DNA damage in 
HepG2 cells. In conclusion, CSE presents potential as a natural sustainable 
chemoprotective agent against the chemical carcinogen B(a)P. 
Keywords: benzo (a) pyrene, chlorogenic acid, coffee silverskin, DNA bases oxidative 
damage, food ingredient, genotoxicity 
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1. Introduction 
The validation process for a novel food or ingredient established by the European 
legislation (EFSA Journal 2016;14(11):4594) comprises chemical characterization 
(toxic and health promoters), proposal for applications, in vitro assays, in vivo toxicity, 
in vivo bioactivity and human trials (Figure 1). In 2016, EFSA published a guidance for 
preparing and presenting scientific data for novel food applications. This guidance 
indicates the requirements needed when submitting an application for the authorization 
of novel foods: physicochemical, biochemical properties and microbiological 
characterization as well as data on the compositional, nutritional, toxicological and 
allergenic properties of the novel food (EFSA Panel on Dietetic Products, 2016). 
Information on genotoxicity is a key component in risk assessment of novel foods or 
ingredients. The purpose of genotoxicity testing for risk evaluation of substances in food 
is to identify compounds that could cause heritable damage in humans, to predict 
potential genotoxic carcinogens in cases where carcinogenicity data are not available, 
and to contribute to understand the mechanism of action of chemical carcinogens (EFSA 
Scientific Committee, 2011). 
 
Figure 1. Scheme of the proposed data requirements for safety assessment of botanicals used as 
food ingredients (EFSA). 
Coffee silverskin (CS) is a thin tegument of the outer layer of the two beans present in 
the coffee cherry. CS is the only by-product generated in the roasting process and it 
contains phytochemicals with antioxidant character such as chlorogenic acid (CGA). 
The extract (WO/2013/004873) prepared from Arabica coffee silverskin (CSE) is 
enriched in CGA and possesses high antioxidant power (del Castillo et al., 2016). The 
present study provides novel scientific information for supporting the usefulness of CSE 
as a sustainable natural source of bioactive compounds.  
One of the mechanisms that leads to DNA lesions is oxidative stress associated with the 
activity of metabolic enzymes that can induce DNA strand breaks and oxidized bases 
(Xue & Warshawsky, 2005). Since CSE comes from a natural source and is known to 
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possess high antioxidant power, this extract could protect cells from DNA damage when 
induced by an oxidative agent.  
HepG2 cells, a human hepatoblastoma cell line, are widely used in the field of xenobiotic 
metabolism for the study of cytotoxic or genotoxic agents (Cao et al., 2007). 
Benzo(a)pyrene (B(a)P) is the most widely used model compound for studying the 
effects of carcinogenic polycyclic aromatic hydrocarbons (PAHs) (Brinkmann et al., 
2013). B(a)P is formed during incomplete combustion or pyrolysis of organic material 
and it is found in air, water, soils and in thermally processed foods and cigarette smoke 
(International Agency for Research on Cancer (IARC), 2012). B(a)P is a DNA-reactive 
chemical that interacts with DNA. Strand breaks or alkali labile sites, including abasic 
sites, may result from the action of reactive oxygen species (ROS) that arise during 
metabolism of food mutagens in cells (Haza & Morales, 2013).  
The aim of the present study is to give new information related to CSE safety in order to 
use it as a food ingredient, as well as to provide scientific data to support a cause-effect 
relationship of the antioxidant power claim made on coffee and their derivatives. We 
also investigated the chemoprotective potential of CSE against B(a)P induced DNA 
damage in HepG2 cells and the contribution of CGA in CSE as a chemoprotective agent. 
2. Materials and methods 
2.1. Chemicals 
Chlorogenic acid (CGA), 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) 
diammonium salt (ABTS), benzo(a)pyrene (B(a)P), dimethyl sulfoxide (DMSO) and 
low melting point agarose (LMP) were purchased from Sigma–Aldrich (St Louis, MO, 
USA). Formamidopyrimidine-DNA glycosylase (Fpg) and Endonuclease III (Endo III) 
were obtained from Trevigen Inc. (Gaithersburg, MD, USA). Culture medium and 
supplements required for the growth of HepG2 cells were purchased from Lonza (Lonza 
Group, Basel, Switzerland). MTT Proliferation Kit I was purchased from Roche 
(Indianapolis, IN, USA).  
2.2. Preparation of soluble coffee silverskin extract 
Coffee silverskin from Arabica species was provided by Fortaleza S.A. (Spain). CSE 
was produced as described in the patent WO 2013/004873 (del Castillo et al., 2013). 
Brieﬂy, 50 mg of coffee silverskin were added per H2O milliliter. This mixture was 
stirred for 10 minutes at 100 ºC, ﬁltered and the ﬁltrate was freeze-dried. Powdered CSE 
was prepared in aqueous solution, sterile ﬁltered and added to medium to achieve ﬁnal 
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concentrations between 1 and 20,000 µg/ml. CSE chemical composition is described in 
Table S1 (Supplementary Material). CGA is the major antioxidant present in coffee; 
therefore, it was used as an antioxidant control.  
2.3. Overall antioxidant capacity of coffee silverskin extract 
The trapping capacity of cationic free radicals was evaluated using the method of radical 
ABTS•+ bleaching described by Re et al., (1999) and modified by (Oki et al., 2006) for 
its use in a microplate. Aqueous solutions of CGA (0.15 – 2.0 mmol/l) were used for 
calibration. Absorbance was measured in microplate using a UV-Visible 
Spectrophotometer (BioTek Instruments, Winooski, VT, USA). All measurements were 
performed in triplicate and results were expressed as % CGA eq. (w/w). 
2.4. Microbiological analyses 
CSE was microbiologically analyzed to evaluate the safety of its use as a food ingredient. 
Count of (1) total aerobic microorganisms, (2) aerobic microorganisms forming 
endospores and (3) molds and yeasts were carried out. All assays were performed in 
sterile conditions and with previous solubilization of 10 g of CSE in BPW (90 ml) by 
using a stomacher (230 rpm, 1 min). Different conditions were set for each analysis: (1) 
pour plate method, PCA medium, incubation at 30ºC 72 h; (2) pour plate, BHI agar 
medium, preincubation (80 ºC, 10 min) and incubation at 37ºC 48h; and (3) spread 
method, SDA with chloramphenicol and incubation at 25ºC 120 h. Results were 
expressed as colony forming units (CFU)/g.  
2.5. Cell culture 
Human hepatocellular carcinoma (HepG2) cells were purchased from the Biology 
Investigation Center Collection (CIB, Madrid, Spain). Only cells of passage 10-17 were 
used in the experiments. Cells were cultured as a monolayer in Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10 % v/v heat inactivated fetal calf serum 
(FBS), 50 U/ml penicillin and 50 µg/ml streptomycin and 1 % v/v L-glutamine. Cell 
cultures were incubated at 37 ºC and 100 % humidity in a 5 % CO2 atmosphere. 
2.6. Cytotoxicity 
Cell viability was determined by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay (Cell Proliferation Kit I, Roche, Indianapolis, IN, 
USA) to select non-toxic concentrations of CSE and CGA. First, HepG2 cells were 
cultured at a density of 1 x 105 cells per well of a 96-well plate for 24 h. Then, cells were 
treated with CSE (0 – 20,000 µg/ml) or CGA (0 – 10,000 µg/ml) for 24 h. Subsequently, 
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cells were incubated in MTT Labeling Reagent for 4 h at 37 ºC and then, 100 µl of 
solubilization solution were added. After 24 h, the optical density of each well was read 
at 620 nm (test wavelength) and 690 nm (reference wavelength) using a microplate 
reader. Experiments were carried out in triplicate (n = 16). Results were expressed as the 
percentage of viability (% SDH) with respect to the control (medium treated cells). 
2.7. DNA damage  
The comet assay was carried out according to the protocol of Olive et al. with minor 
modifications (Olive et al., 1992). Briefly, HepG2 cells were plated on 24 well plates at 
a density of 1.5 x 105 cells/ml culture medium. Twenty-four hours after seeding, cells 
were exposed to CSE (1 – 1,000 µg/ml), or CGA (1 – 1,000 µg/ml), for another 24 h at 
37 ºC and 5 % CO2. After incubation, 12 µl of a suspension of 1 x 105 cells were mixed 
with 70 µl of LMP agarose type VII (0.75 % in PBS), distributed on a LMP agarose type 
VII (0.3 % in PBS) pre-coated slide, and left to set on an ice tray. Three slides were 
prepared for each concentration of the compound tested, one slide for control and the 
others slides to be treated with Fpg or Endo III. After solidification, cells were lysed in 
darkness for 1 hour in a high salt alkaline buffer (2.5 M NaCl, 0.1 M EDTA, 0.01 M 
Tris, 1% Triton X-100, pH 10). Slides were then equilibrated 3 x 5 minutes in enzyme 
buffer (0.04 M HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/ml BSA, pH 8). Then, slides 
were incubated with 30 µl of Fpg or Endo III at 1 µg/ml in enzyme buffer for 30 minutes 
at 37 ºC in a humid dark chamber. Control slides were incubated with 30 µl enzyme 
buffer. Following enzyme treatment, slides were placed in electrophoresis buffer (0.3 M 
NaOH, 1 mM EDTA, pH 13, cooled in a refrigerator) in darkness for 40 minutes. 
Electrophoresis was performed in a cold-storage room, in darkness, in a Bio-Rad subcell 
GT unit containing the same buffer, for 30 minutes at 25 V. After electrophoresis, slides 
were neutralized using 0.4 M Tris pH 7.5 and fixed in methanol. Subsequently, DNA 
was stained with ethidium bromide (10 µg/ml) in Tris acetate EDTA (TAE 1X) for 5 
minutes and examined in a fluorescence microscope (OLYMPUS BH-2) connected to a 
computerized image analysis system (Comet Score 1.0). Percent (%) DNA in the tail 
was used as the parameter for DNA damage analysis using the software. The level of 
Fpg and Endo III sites was obtained by subtracting the value of % DNA in the tail 
obtained without enzymes from the value obtained when enzymes were present. B(a)P 
(100 µM) was used as positive control.  
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2.8. Analysis of DNA damage induced by simultaneous treatment with B(a)P and CSE 
or CGA in alkaline comet assay 
HepG2 cells were seeded into 24-multiwell plates at a density of 1.5×105 cells/ml culture 
medium.  After 24 hours, CSE or CGA ( 1– 100 µg/ml) were added and plates were 
incubated for 24 hours at 37 ºC and 5 % CO2. After incubation, cells were treated 
simultaneously with CSE or CGA and B(a)P 100 µM for other 24 hours. After the 
treatments, cells were then processed as described above. 
2.9. Statistical Analysis 
Images of 50 randomly selected cells per concentration were evaluated and the test was 
carried out three times. Untreated cells (C0) were considered as negative controls.  The 
reported Tail DNA is the mean ± standard error (SE) of three independent experiments. 
One-way analysis of variance (ANOVA) was carried out and statistical comparisons of 
the different treatments were performed using Tukey’s test. Values of p < 0.05 were 
considered statistically signiﬁcant. All statistical analyses were performed using the R 
package software environment Version 3.2.0 (http://www.r-project.org/). 
3. Results 
3.1. CSE overall antioxidant capacity 
The in vitro antioxidant capacity of the CSE was evaluated by the ABTS•+ radical cation 
decolorization assay in order to assess the reproducibility of CS extraction. An overall 
antioxidant capacity value of 138.73 ± 14.8 mg CGA equivalents/gram of CSE was 
obtained for the trapping capacity of cationic free radicals of CSE. This result confirms 
that the patented CSE possesses in vitro antioxidant properties due to the presence of 
antioxidant molecules such as phenolic compounds, mainly CGAs, and melanoidins 
(Table S1, Supplementary Material). 
3.2. Microbiological analyses of CSE 
Results showed values of 3.25 x 105 CFU/g for endospores, 4.3 x 103 CFU/g of total 
aerobic microorganisms and a content of yeasts and molds lower than 102 CFU/g.   
3.3. Evaluation of CSE and CGA cytotoxicity 
Figure 2 shows data on CSE cytotoxicity in HepG2 cells obtained by the MTT method. 
The studied concentrations of CSE were 100-20,000 µg/ml. Since CGA has been 
detected in CSE and the antioxidant capacity of this extract has been associated to this 
compound among others, its effect on the viability of HepG2 cells was also studied (1-
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10,000 µg/ml). Concentrations of CSE up to 10,000 µg/ml did not affect the viability of 
HepG2 cells (>80 %), but a remarkable significant decrease (p < 0.05) was observed for 
CSE at 20,000 µg/ml. The inhibitory concentration required to reduce cell viability 50 
% (IC50) after 24 hours of extract incubation was 13,158 µg/ml (Figure 2A). On the other 
hand, CGA also resulted non-cytotoxic at concentrations up to 5,000 µg/ml and the IC50 
was 8,050 µg/ml (Figure 2B). When CGA (1 - 1,000 µg/ml) was added to cells, a 
significant increase (p ≤ 0.05) in cell viability was observed. Therefore, to evaluate the 
genotoxicity and the possible protective effect of CSE and CGA on DNA damage, 
concentrations between 1 and 1,000 µg/ml were chosen. 
 
Figure 2. Effect of CSE (A) and CGA (B) on HepG2 cell viability by the MTT assay. Cells were 
cultured with different concentrations of CSE or CGA for 24 h. C0 untreated cells. Data are shown 
as the mean ± SD of three independent experiments. Asterisks indicate a significant difference 
from the control (Tukey test, * p ≤ 0.05). 
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3.4. Analysis of DNA damage induced by CSE or CGA in alkaline comet assay 
Figure 3A shows the effect of CSE and CGA on the induction of strand breaks assessed 
by the comet assay without any enzyme treatment.  
 
Figure 3. (A) Induction of DNA strand breaks by CSE or CGA on human HepG2 cells incubated 
without enzymes. C0, untreated cells without enzymes. C1, HepG2 cells treated with B(a)P 
100µM and incubated without enzymes. (B) Oxidative DNA damage by CSE or CGA on human 
HepG2 cells incubated with Fpg enzymes. C0, untreated cells with Fpg enzymes. C1, HepG2 cells 
treated with BaP (100µM) and incubated with Fpg enzymes. (C) Oxidative DNA damage by CSE 
or CGA on human HepG2 cells incubated with Endo III enzymes. C0, untreated cells with Endo 
III enzymes. C1, HepG2 cells treated with BaP (100µM) and incubated with Endo III enzymes. 
The results are expressed as the mean ± SEM of three independent experiments for data points of 
% DNA in the tail of cells. Asterisks indicate significant difference from the control (Tukey test, 
p ≤ 0.05). 
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A significant increase (p ≤ 0.05) in strand breaks was observed when B(a)P 100 µM, 
used as positive control, was added to HepG2 cells (70 % tail DNA). None of the tested 
concentrations of CSE and CGA (10 - 1,000 µg/ml) resulted genotoxic to HepG2 cells 
(Figure 3A). There were no significant differences (p > 0.05) in strand breaks between 
untreated control cells and cells treated with CSE or CGA (10-1,000 µg/ml).  
In order to determine if CSE or CGA produced oxidative DNA damage in purines or 
pyrimidines, DNA was digested with two repair specific enzymes Fpg (Figure 3B) or 
Endo III (Figure 3C) that recognize and cut oxidized DNA purines or pyrimidines, 
respectively. Cells treated with B(a)P 100 µM showed a significant increase (p ≤ 0.05) 
in oxidized purines and pyrimidines (12 % and 10 % tail DNA, respectively). No 
significant oxidative DNA damage (p > 0.05) was produced in purines or pyrimidines 
when cells were treated with CSE or CGA. Therefore, none of the studied concentrations 
induced relevant strand breaks or oxidized purines or pyrimidines (Fpg or Endo III-
sensitive sites, respectively) in the cells. 
3.5. DNA damage induction by a combined treatment of B(a)P and CSE or CGA in the 
alkaline comet assay 
The effect of CSE and CGA in B(a)P induced DNA damage in HepG2 cells is shown in 
Figure 4. Considering B(a)P induced DNA damage as 100 %, the maximum reduction 
of DNA strands breaks (26 % and 29 % for CSE and CGA, respectively) was observed 
at the highest concentration used (100 µg/ml). At all tested concentrations, DNA strand 
breaks were significantly reduced (p ≤ 0.05) by the pretreatment with CSE and CGA 
showing a significant protective effect against B(a)P induced DNA damage.  
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Figure 4. (A) Effect of CSE or CGA on BaP-induced DNA strand breaks in HepG2 cells. (C0) 
Untreated cells without enzymes. (C1) Cells treated with BaP (100 µM) and incubated without 
enzymes. ( ) Cells treated with BaP (100 µM) and CSE or CGA (1, 10 and 100 µg/ml) and 
incubated without enzymes. (B) Effect of CSE or CGA on BaP-induced oxidized purines in 
HepG2 cells. (C0) Untreated cells with Fpg. (C1) Cells treated with BaP (100 µM) and incubated 
with Fpg. ( ) Cells treated with BaP (100 µM) and CSE or CGA (1, 10 and 100 µg/ml) and 
incubated with Fpg. (C) Effect of CSE or CGA on BaP-induced oxidized pyrimidines in HepG2 
cells. (C0) Untreated cells with Endo III. (C1) Cells treated with BaP (100 µM) and incubated 
with Endo III.  ( ) Cells treated with BaP (100 µM) and CSE or CGA (1, 10 and 100 µg/ml) and 
incubated with Endo III. Asterisks indicate significant difference from the control (C1) (Tukey 
test, p ≤ 0.05).   
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Both CSE and CGA in addition to decreasing DNA strand breaks, they significantly 
reduced (p ≤ 0.05) the formation of Fpg and Endo III sensitive sites. The maximum 
reduction of Fpg sensitive sites (69 % and 76 % for CSE and CGA, respectively, 
compared with the control) was observed at the lowest concentration of CSE (1 µg/ml) 
but at the highest concentration of CGA (100 µg/ml). However, Endo III sensitive sites 
were reduced (70 % and 77 % for CSE and CGA, respectively) in both cases by the 
highest doses of the tested compounds (100 µg/ml).  
4. Discussion 
In this work, we proved the microbiological quality and the non-cytotoxic and non-
genotoxic character of CSE in order to give more information related to the safety of this 
extract as a novel food ingredient. CSE possesses high antioxidant power and data 
obtained in this study are in line with those previously described by other authors 
(Borrelli et al., 2004; del Castillo et al., 2016; Mesías et al., 2014).With regard to the 
biological contaminants that could be present in coffee, ochratoxin A (OTA) is a 
mycotoxin produced by Aspergillus ochraceus and Penicillium verrucosum that tends to 
bioaccumulate along the food chain. OTA can induce renal toxicity, nephropathy, and 
immunosuppression, representing a risk for human safety. Therefore, its content in foods 
should be determined. Coffee is contaminated with OTA when coffee fruits fall onto the 
soil or during storage (Commission, 2006). Coffee is considered a secondary source of 
OTA in the human diet. However, OTA can be destroyed during roasting (Ferraz et al., 
2010). Commission Regulation (EC) No 123/2005 defined OTA limits as 5 µg/kg for 
roasted coffee and 10 µg/kg for soluble coffee (Kyprianou, 2005). Since CSE is an 
extract from a coffee by-product, there is no specific OTA regulation limit; however, the 
absence of molds in the extract reduces the risk of OTA contamination. Therefore, CSE 
presented excellent microbiological quality becoming a safe food ingredient. 
The study of the genotoxic potential is a basic component of chemical risk assessment 
(Louis Bresson et al., 2016). According to EFSA, the aim of genotoxicity testing of novel 
foods is to identify substances that could cause heritable damage in humans. The 
Scientific Committee recommends the Comet Assay as one of the suitable ex vivo tests 
for identifying substances that cause gene mutations and/or structural chromosomal 
aberrations. The ex vivo comet assay is easy to conduct and may be applied to any tissues 
from which single cell suspensions can be prepared. It is considered an indicator test to 
detect pre-mutagenic lesions and can be used for mechanistic studies (EFSA Scientific 
Committee, 2011). No previous research on genotoxicity of CS and its derivatives has 
been published.  
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The liver is the main organ of xenobiotic transformation. In consequence, liver cell lines 
are widely used in the field of xenobiotic metabolism such as genotoxicity studies 
(Mersch-Sunderman et al., 2004). HepG2 is a human hepatoblastoma cancer cell line 
that keeps many characteristics of hepatocytes such as the presence of enzymes that play 
key roles in the activation and detoxification of DNA-reactive carcinogens. Therefore, 
HepG2 cells represent a relevant ex vivo model to detect cytoprotective and non-
genotoxic agents (Cao et al., 2007). Our results demonstrate that neither CSE nor CGA 
were cytotoxic for HepG2 cells up to concentrations of 10,000 and 1,000 µg/ml, 
respectively (Figure 2). These results are in agreement with studies using CSE in other 
human cell lines. For instance, concentrations of CSE and CGA up to 10 µg/ml and 10 
µM respectively, did not affect the viability of pancreatic cells (INS-1E) (Fernandez-
Gomez et al., 2016). Furthermore, studies using skin keratinocytes (HaCaT) have 
demonstrated that CSE is not cytotoxic when used at concentrations between 10 and 
1,000 µg/ml (Iriondo-DeHond et al., 2016). Considering these results, in the present 
work cells were exposed to non-cytotoxic concentrations of CSE and CGA in the range 
of 1 to 1,000 µg/ml and DNA damage was evaluated. The results obtained in the comet 
assay indicated that both CSE and CGA did not cause a significant increase in DNA 
damage (strand breaks) after 24 h of treatment in HepG2 cells (Figure 3A). This is the 
first time the harmlessness and non-genotoxic effect of CSE is described. On the other 
hand, our results showed that CGA in concentrations present in CSE did not increase 
DNA strand breaks. Abraham et al., (2007) also confirmed the non-genotoxic profile of 
CGA in human promyelocytic leukemia cells (HL-60) when used at 200 µM.  
Oxidatively damaged bases were detected by the comet assay by adding two repair 
specific enzymes, Fpg and Endo III, which are able to recognize the oxidized purines 
and pyrimidines, respectively. B(a)P (100 µM), positive oxidative control, induced a 
significant increase of DNA strand breaks, Fpg and Endo III sensitive sites in HepG2 
cells. Burczynski and Penning (2000) showed that during the metabolic process, B(a)P 
produces ROS that can cause oxidative DNA damage and form adducts with DNA 
(Burczynski & Penning, 2000). Our results showed that CSE did not induce a significant 
increase of oxidation of purines and pyrimidines compared to the control (Figure 3B and 
3C). However, a non-significant increase (p > 0.05) can be observed when cells were 
treated with CSE 1,000 µg/ml for 24 h. Moreover, CGA also did not increase oxidation 
of the purines and pyrimidines compared to the control in HepG2 cells.   
In the present study, we evaluated the protective effect of CSE and CGA against B(a)P 
induced DNA damage (strand breaks and oxidized purines/pyrimidines) in HepG2 cells. 
Our results showed a significant decrease (p ≤ 0.05) in DNA strand breaks when cells 
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were pretreated with CSE and CGA showing a significant protective effect against B(a)P 
induced DNA damage. Bakuradze et al., (2014) observed and confirmed the protective 
effect of roasted coffee consumption on DNA integrity in humans, as reported in a 
previous study. This study concluded that repeated coffee consumption is associated 
with reduced background DNA strand breakage (Bakuradze et al., 2011). The reduction 
of spontaneous DNA strand breaks observed in this study may be attributed to the 
presence of constituents with chemopreventive properties and antioxidants known to be 
present in coffee (such as chlorogenic acids and roast-associated constituents) 
(Bakuradze et al., 2014). Considering that CS keeps part of the polyphenolic compounds 
that are normal constituents of coffee beans, such as CGA (del Castillo et al., 2016), it 
is likely that this effect described for coffee brews is maintained also in CS.  
CSE and CGA showed a higher protective effect against B(a)P induced oxidative DNA 
damage compared to that observed for the strand breaks. This could be due to the well-
known antioxidant capacity of CSE (del Castillo et al., 2016) and CGA (European Food 
Safety Authority (EFSA), 2011). The mixture of compounds present in the CSE and 
CGA alone can reduce oxidative damage to DNA and therefore, decrease cellular 
oxidative stress. In CSE the main free phenolic compounds are CGA and caffeic acid, 
present in large amounts in green coffee beans. These phenolic compounds may react 
during roasting with polysaccharides and proteins forming melanoidins, which are rich 
in phenolic groups able to exert antioxidant activity (Borrelli et al., 2004). Therefore, it 
is possible that the observed protective effect is attributed to the combination of 
antioxidant compounds present in CSE. CS also contains flavonoids that could 
contribute to the observed protective effect (Costa et al., 2014). Delgado et al., (2008) 
reported that certain flavonoids are active against oxidized pyrimidines induced by 
B(a)P, but not against oxidized purines.  
One mechanism of cellular protection against carcinogens is the activation of phase II 
detoxifying and antioxidant enzymes (Talalay, 2000). Fernandez-Gomez et al., (2016) 
provided novel information regarding the antidiabetic mechanism of action of CSE and 
its components CGA and caffeine. CSE (≥ 1 μg/ml) and CGA (≥ 5 μM) increased the 
enzymatic activity of glutathione peroxidase (GPx). These studies concluded that 
physiological concentrations of pure CGA (10 μM) were able to protect pancreatic cells 
against oxidative stress while same concentrations of caffeine were ineffective. Further 
research should be conducted to identify which compound/s are responsible for the 
observed benefits since CGA concentrations in CSE were  not effective against induced 
oxidative stress in pancreatic cells (Fernandez-Gomez et al., 2016).  
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The induction of antioxidant enzymes is mediated by the antioxidant or electrophile 
response element (ARE/EpRE), located in the promoter region of many of these phase 
II genes. The transcription factor NF-E2 p45 subunitrelated factor 2 (Nrf2) plays a key 
role in ARE-mediated gene expression (Rushmore et al., 1991). Volz et al., (2012) have 
investigated the effect of a coffee extract rich in CGA and N-methylpyridinium (NMP), 
on the Nrf2-activating properties. In HT29 cells the enriched coffee extract increased 
nuclear Nrf2 translocation and enhanced the transcription of ARE-dependent genes such 
as NAD(P)H:quinone oxidoreductase and glutathione-S-transferase (GST)A1. Pure 
CGA has been identified as a potent activator of the Nrf2/ARE pathway, activating gene 
expression of different phase II enzymes in the same cell line (Boettler et al., 2011). In 
addition, in a pilot human intervention study data indicated an association between Nrf2 
transcription and a decrease in oxidative DNA damage in peripheral blood lymphocytes 
observed after 4 weeks of daily coffee consumption (enriched with CGA and NMP), 
supporting the hypothesis that coffee-mediated effects on gene expression are of 
chemoprotective relevance (Volz et al., 2012). Since the CSE presents high antioxidant 
properties due to a mixture of molecules exerting synergic effect including CGA, the 
observed chemoprotective effect might be associated to its effect on the antioxidant 
enzymatic defense of the cells.  
In conclusion, the present study confirms that treatment of HepG2 cells with CSE did 
not induce either cytotoxicity or genotoxicity. Our results indicate that CSE protects 
human cells from DNA strand breaks and oxidative DNA damage effects of B(a)P, and 
that free CGA or linked to other chemical structures seem to be contributors to the 
observed chemoprotective effect of CSE. This extract presents potential as a natural and 
sustainable food ingredient.  
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Table S1. Chemical composition of coffee silverskin extract (CSE).  
Parameters CSE (per 100g) 
Proteins (g) 
Carbohydrates (g) 
Total dietary fibre (g) 
Soluble dietary fibre (g) 
Insoluble dietary fibre (g) 
Caffeine (g) 
Melanoidins (g) 
Total CGAs* (g) 
Total phenolic content (g) 
5.36 
5.44 
28.69 
24.01 
4.67 
3.02 
17.26 
1.12 
3.10 
*CGAs, chlorogenic acids. 
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Abstract 
This research aimed to study the nutritional value, safety, effects on biochemical 
biomarkers and excretion of short chain fatty acids (SCFAs) in vivo of a coffee silverskin 
aqueous extract (CSE). A nutritional characterization of CSE (proteins, amino acids, fat, 
fatty acids, fiber, simple sugars and micronutrients) was carried out. Safety and 
biological effects were evaluated by a repeated dose study performed in Wistar rats. 
Hormone secretion (insulin, serotonin and melatonin), antioxidant (total antioxidant 
capacity, glutathione peroxidase, glutathione reductase, superoxide dismutase and 
catalase) and anti-inflammatory biomarkers (C-reactive protein) and the dietary fiber 
fermentability of CSE (analysis of SCFAs in feces) were analyzed in biological samples. 
CSE might be considered a source of proteins (16 %), potassium, magnesium, calcium 
and vitamin C, low in fat (0.44 %) and high in fiber (22 %). Its oral administration (1 
g/kg) for 28 days was innocuous. Diet supplementation with CSE did not affect hormone 
secretion, antioxidant or anti-inflammatory biomarkers. Total SCFAs derived from CSE 
fiber fermentation were significantly higher (p < 0.05) in male rats compared to male 
control rats. CSE can be considered a natural, sustainable and safe food ingredient 
containing fermentable fiber able to produce SCFAs with beneficial effects on gut 
microbiota. 
Keywords: antioxidant, coffee silverskin; food safety; novel food; nutrition; short-chain 
fatty acids 
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1. Introduction 
According to the European Food Safety Authority (EFSA), ‘Novel food’ is defined as: 
“any food that was not used for human consumption to a significant degree within the 
Union before May 15th 1997 irrespective of the dates of accession of Member States to 
the Union” (EFSA Panel on Dietetic Products, 2016).  In this sense, coffee silverskin 
(CS), a thin tegument of the outer layer of the coffee beans released during coffee 
roasting (Esquivel & Jiménez, 2012), may fall under the category of “food consisting of, 
isolated from or produced from plants or their parts”. The application for authorizing the 
placing on the market within the European Union of a novel food and updating the Union 
list should include the name and description of the novel food, the description of the 
production process and the detailed composition of the novel food (EFSA Panel on 
Dietetic Products, 2016). Based on its nutritional and chemical composition, CS has the 
potential to be used as a food ingredient for human consumption within the concept of a 
healthy diet (Costa et al., 2018).  
The major component in CS is dietary fiber (up to 55 %), which includes insoluble (≈45 
%) and soluble (≈10 %) fiber (Ballesteros, Teixeira, & Mussatto, 2014; Jiménez-
Zamora, Pastoriza, & Rufián-Henares, 2015). Dietary fiber is one of the main nutritional 
factors contributing to human well-being (Veronese et al., 2018). The EFSA defines 
dietary fiber as non-digestible carbohydrates, including non-starch polysaccharides, 
resistant starch and oligosaccharides and lignin (European Food Safety Authority 
(EFSA), 2010). According to the e-Library of Evidence for Nutrition Actions (eLENA) 
created by the World Health Organization (WHO), dietary fiber has important beneficial 
physiological effects that may contribute to the reduction of the risk of non-
communicable chronic diseases (World Health Organization, n.d.). In the large intestine, 
dietary fiber is fermented by the microbiota leading to the generation of short-chain fatty 
acids (SCFAs) that also contribute to human well-being (Conlon & Bird, 2015). The 
high dietary fiber content of CS might benefit the intestine and gut microbiota 
(Ballesteros et al., 2014; Costa et al., 2018; Jiménez-Zamora et al., 2015). In this sense, 
previous studies have reported the prebiotic properties of this by-product, but the effect 
of CS intake on the excretion of SCFAs has not been previously described (Borrelli, 
Esposito, Napolitano, Ritieni, & Fogliano, 2004). 
The second major component present in CS is protein (≈19 %), followed by 
carbohydrates (≈6 %) and fat (≈2 %) (Costa et al., 2018). CS is also a source of 
polyphenols, particularly chlorogenic acid (CGA) (588.9 mg/100 g) being 5-O-, 3-O- 
and 4-O-caffeoylquinic acids the most relevant (Mesías et al., 2014). Moreover, this by-
product also contains caffeine (1 %) and melanoidins (5 %); the latter formed during the 
roasting process (Ateş & Elmacı, 2018b; Borrelli et al., 2004).  
According to the European legislation, a ‘health claim’ means any claim that states, 
suggests or implies that a relationship exists between a food category, a food or one of 
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its constituents and health (The European Parliament and The Council of the European 
Union, 2006). However, the evaluation of the biological effects of foods and their impact 
on health is a limitation in nutrition studies. Nutritional biomarkers are used to 
objectively measure the nutritional status with respect to the intake or metabolism of 
dietary constituents in different biological samples (Picó, Serra, Rodríguez, Keijer, & 
Palou, 2019). These biomarkers also evaluate the bioavailability of a nutrient, which is 
determined by the biochemical analysis of its metabolites (Picó et al., 2019). The study 
of the metabolism of the bioactive compounds, caffeine and chlorogenic acid, present in 
an aqueous extract of CS (CSE) has been previously studied (Fernandez-Gomez, 
Lezama, et al., 2016). But to the best of our knowledge, the analysis of nutritional 
biomarkers after the intake of CSE has not been addressed yet.  
All novel foods must be scientifically proven to be safe to public health and scientific 
evidence demonstrating that the novel food does not suppose a safety risk to human 
health should be included in the application for authorization (EFSA Panel on Dietetic 
Products, 2016). Data regarding the safety of the novel food such as toxicological 
studies, including repeated-dose toxicity, are required. The main objective of repeated-
dose toxicity studies is to identify any adverse effects following prolonged exposure via 
an appropriate oral route (Parasuraman, 2011).  
Therefore, the aim of the present research was to study the nutritional value of a potential 
novel ingredient, CSE, and to evaluate its safety and effects on key biological functions 
in vivo. To achieve this goal, a repeated dose study was carried out in Wistar rats and 
hormone secretion, antioxidant and anti-inflammatory biomarkers and the fiber effect of 
CSE were analyzed in biological samples. On the one hand, taking into account previous 
studies regarding the effect of CSE on carbohydrate metabolism (WO/2016/097450, 
2016), the secretion of insulin after the repeated intake of this extract was measured. In 
addition, considering that CSE contains caffeine and that caffeine consumption leads to 
a decreased secretion of melatonin (Iriondo-DeHond, Aparicio García, et al., 2019; Shilo 
et al., 2002), levels of serotonin and melatonin were analyzed in blood samples of rats. 
On the other hand, since CSE is known for its antioxidant capacity and since oxidative 
stress and inflammation are closely related, antioxidant and anti-inflammatory 
biomarkers were also measured in rat’s serum samples.  
2. Materials and methods 
2.1. Coffee silverskin extract (CSE) 
Coffee silverskin from Arabica species was provided by Fortaleza S.A. (Spain). CSE 
was produced as described in the patent WO 2013/004873 (del Castillo et al., 2013). 
Brieﬂy, 50 g of coffee silverskin were added per H2O liter. This mixture was stirred for 
10 minutes at 100 ºC, ﬁltered and the ﬁltrate was freeze-dried. The extract (yield = 14 % 
w/w of the initial sample) was stored at −20 °C until analysis. 
Chapter 2 – Study 3 
 
142 
 
2.2. Nutritional characterization of CSE 
2.2.1. Protein content and amino acid composition  
Content of proteins was determined by Kjeldahl mineralization followed by a 
colorimetric analysis of nitrogen for quantification (AOAC-32.1.22, 920.87). Results 
were expressed as % dry matter. 
Amino acid analysis was performed according to AOAC-994.12 method, which is based 
on acid hydrolysis of sample followed by HPLC with post column derivatization using 
ninhydrin. Analysis in triplicate was performed and results were expressed as mg/g.  
These analyses were performed according to that previously described (Martinez-Saez 
et al., 2017).  
2.2.2. Fat and fatty acid profile  
Total fat content was quantified by Soxhlet extraction with petroleum ether following 
the procedure described by the AOAC Official Method 945.16. Results are expressed as 
% dry matter. 
Fatty acid profile was obtained by gas chromatography (Agilent 7820A GC System 
equipped with Flame Ionization Detector) analyses (Sukhija & Palmquist, 1988), 
calculated according to the ISO 12966-2:2017. 
These analyses were performed according to that previously described (Iriondo-
DeHond, Cornejo, et al., 2019).  
2.2.3. Soluble simple sugars 
Determination of sugars (mannose, glucose, xylose, fructose and sucrose) was carried 
out by ion exchange liquid chromatography (LC-IC). The LC system used in this study 
was Metrohm Advanced Compact ion chromatographic instrument (Metrohm, 
Switzerland) with a Pulsed Amperometric Detector (PAD) (Bioscan module, 817 IC. 
Metrohm), a pump (IC Pump 812), a coupled degasser (IC-837) and a Metrosep Carb 2 
column (250 x 4 mm) packed with 5-μm spherical polymer beads. A mobile phase 
consisting of 100mM NaOH and 10 mM NaOAc was applied at a flow rate of 0.5 
ml/min, and 20 μl of sample were injected in the LC-IC system. Data were analyzed 
using the Metrodata IC Net 2.3 software (Metrohm, Switzerland). This quantification 
was performed by the Analysis Service Unit facilities of the Institute of Food Science, 
Technology and Nutrition (ICTAN, CSIC, Madrid).  
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2.2.4. Dietary fiber 
Insoluble (IDF), soluble (SDF) and total (TDF) dietary fiber were determined by using 
enzymatic-gravimetric assay based on the AOAC-991.43 and AACC-32.07.01 method. 
Results were expressed as %. 
2.2.5. Ions and ascorbic acid  
Determination of ions (sodium, potassium, magnesium and calcium) was carried out by 
ion exchange liquid chromatography (LC-IC) Metrohm Advanced Compact ion 
chromatographic instrument (867 IC. Metrohm, Switzerland) with a 819 Advanced IC 
Detector, a pump (IC Pump 818), a coupled degasser (IC-837) and a Metrosep C6 
column (250 x 4 mm) packed with 5-μm spherical polymer beads (Metrohm AG, 
Switzerland). A mobile phase consisting of 3 mM metasulfonic acid was applied at 1 
ml/min and 20 μl of sample were injected in the LC-IC system. Determination of 
ascorbic acid was performed using the same equipment and a Metrosep Organic Acids 
column (250 x 4 mm, 5-μm particle size) (Metrohm AG, Switzerland). The mobile phase 
was 50 mM lithium chloride at a flow rate of 0.5 ml/min. Data were analyzed using the 
Metrodata IC Net 2.3 software (Metrohm, Switzerland). This quantification was 
performed by the Analysis Service Unit facilities of the Institute of Food Science, 
Technology and Nutrition (ICTAN, CSIC, Madrid).  
2.3. Repeated dose study 
Healthy young adult male (n = 15) and female rats (n = 15) (3 weeks old) (Rattus 
norvegicus albinus), weighing 67.2 ± 4.7 g at the start of the experiment, were obtained 
from Charles River (Sant Cugat del Vallés, Spain). Animals were initially acclimated 
for seven days prior to the beginning of the experiment. Rats were housed in cages with 
a maximum capacity of five animals per cage under controlled temperature (22 ± 1 °C) 
in a 12-hour light/dark cycle with free access to standard food (A04 Safe Diets, Augy, 
France) and water ad libitum. Since it was not possible to replace the use of animals, all 
our effort was directed to minimize the number of animals used and any possible 
discomfort caused to them. The experimental protocols used were previously approved 
by the Ethics Committee on Animal Use (CEEA). The present study was approved by 
the Institutional Animal Ethics Committee (Reg. No. PROEX 011/17) of Community of 
Madrid, Spain. 
The repeated dose toxicity study was carried out in accordance to OECD Test Guidelines 
407 (Repeated Dose 28-day Oral Toxicity Study in Rodents) (Oecd/Ocde & Ction, 
1995).  The highest dose level was chosen to induce toxic signs. Thus, the dose level of 
powdered CSE in aqueous solution was 1 g/kg b.w. per day based on data from previous 
studies (Iriondo-DeHond, Aparicio García, et al., 2019). Rats were randomly allocated 
to two groups, control and treated with CSE, each consisting of 7 males and 7 females 
for the control group and 8 males and 8 females for the treated group. Animals received 
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sample (CSE 1 g/kg b.w.) or the vehicle (water) once daily by oral gavage for a total of 
28 days. The dose volume was set at 1 ml/100 g b.w. Throughout the experiment, 
animals of both groups were observed daily before initiation of the administration period 
and once a week during the administration period, and detailed clinical signs were 
recorded. Body weight, food and water intake and behavior and signs of toxicity were 
recorded daily from the start to the 28th day of the experiment.  
2.3.1. Safety 
2.3.1.1. Necropsy, macroscopic analysis and organ weight 
At the end of the treatment with CSE (1 g/kg b.w.) male and female rats were killed 1 
day after the 28th administration. At the time of necropsy, animals were previously 
anesthetized with isoflurane (Forane®, 4 % induction dose using oxygen as a carrier gas 
and 2 % for maintenance during the process), and then total blood was collected by 
cardiac puncture. Rats were then sacrificed by exposure to excess carbon dioxide in a 
gas chamber. After euthanasia, a macroscopic assessment of the external body surface, 
cavities (thoracic, abdominal and cranial) and organs (change in position, shape, size, 
color and consistency) was carried out. Absolute and relative weight of the brain, lungs, 
liver, heart, spleen, thymus, kidneys, adrenal glands and sex organs was also determined. 
Relative organ weight was calculated using the following formula:  
Relative organ weight (g %) = (weight of organ/weight of rat) x 100 
2.3.1.2. Histopathological examination 
Tissue samples from brain, lungs, liver, heart, spleen, thymus, kidneys, adrenal glands 
and sex organs were routinely processed for histology and fixed in buffered formalin 
10% (Panreac©, Barcelona, Spain, stabilized with methanol at pH 7) for 24 hours at 
room temperature. Samples were then embedded in synthetic paraffin (Casa Alvarez, 
Madrid, Spain) with a melting point of 56 °C, using an automatic tissue processor 
(ASP300, Leica®, Wetzlar, Germany) with a program of automatic transmissions 
alcohols increased histological grading. Blocks were performed in a block forming unit 
(console Leica© EG1140H and cold plate Leica© EG1130) and 4 micron thick sections 
were obtained from rotation microtome Leica© brand, model RM 2155. Sections were 
deparaffinized in xylene and hydrated in alcohol and water. Conventional staining 
method, hematoxylin & eosin, was used by means of Leica© auto stainer SP4040. Then, 
dehydrated first ascending alcohol series and xylene were used, and finally, mounted 
with DPX (Nustain©, Nottingham, UK). The slides were then observed under light 
microscope.  
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2.3.1.3. Hematological and biochemical parameters 
Blood samples were collected by cardiac puncture of anesthetized animals and stored in 
tubes with anticoagulant for determination of hematological parameters, and in tubes 
without anticoagulant to obtain serum for determination of biochemical parameters. 
Using laser flow cytometry technology (ADVIA 120 Hematology System, Siemens 
Healthineers, Getafe, Spain), the following parameters were examined: red blood cells 
(RBCs), hemoglobin concentration, hematocrit (HCT) value, mean corpuscular volume 
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 
concentration (MCHC), red cell distribution width (RDW), white blood cells (WBCs), 
platelet count, mean platelet volume (MPV) and plateletcrit.  Differential leukocyte 
count was determined by blood smear. 
Measurements of plasma concentration, glucose, urea, creatinine, alanine-transferase 
(ALT), γ-glutamyl-transferase (GGT) and total cholesterol were performed by 
reflectance photometry (Reflotron®, Roche Diagnostics, Germany). Serum 
concentration of total proteins, albumin and bile acids was determined by liquid 
spectrophotometry (Biuret Test, bromocresol green technique and 3-α-hydroxysteroid 
dehydrogenase enzymatic technique, respectively), while the ionogram (sodium, 
potassium) was obtained by means of a blood gas analyzer (ABL90 Flex, Radiometer 
Medical ApS, Brønshøj, Denmark). 
2.3.2. Effect on key biological functions 
2.3.2.1. Hormone levels  
Insulin levels were determined by a sandwich enzyme immunoassay kit (RayBio® Rat 
Insulin ELISA, Norcross, USA) according to the manufacturer’s instructions. The kit 
was characterized by an analytical sensitivity of 5 μIU/ml and high analytical specificity 
(low-cross reactivity). 
Serotonin levels were determined by a competitive enzyme immunoassay kit (General 
Serotonin Elisa Kit SAB Laboratories) according to the manufacturer’s instructions. The 
kit was characterized by a detection range 1.56-100 ng/ml and no significant cross 
reactivity or interference was observed.  
Melatonin levels were determined by a competitive enzyme immunoassay kit (Rat MT 
(Melatonin), Elabscience, Wuhan, China) according to the manufacturer’s instructions. 
The kit was characterized by an analytical sensitivity of 9.38 pg/ml; detection range 
15.63-1000 pg/mL and no significant cross reactivity or interference was observed. 
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2.3.2.2. Oxidative stress biomarkers 
Non-enzymatic antioxidant capacity 
The trapping capacity of cationic free radicals in serum samples was evaluated using the 
method of radical ABTS+ bleaching described by Re et al. (1999)(Re et al., 1999) and 
modified by Oki et al. (2006)(Oki, Nagai, Yoshinaga, Nishiba, & Suda, 2006) for its use 
in microplate. Aqueous solutions of Trolox (0.15–2.0 mM) were used for calibration. 
Absorbance was measured in microplate using a UV–Visible Spectrophotometer 
(BioTek Instruments, Winooski, VT, USA). All measurements were performed in 
triplicate, and results were expressed as eq. Trolox (mM). 
Enzymatic oxidative stress biomarkers  
Glutathione peroxidase (GPx) activity was measured in serum samples by the 
Glutathione Peroxidase Activity Assay Kit (MBL International, Woburn, USA) 
following the manufacturer’s instructions. The assay had a detection sensitivity of ≈ 0.5 
mU/ml of GPx in samples. 
Glutathione reductase (GR) activity was measured in serum samples by the Glutathione 
Reductase Colorimetric Activity Assay Kit (MBL International, Woburn, USA) 
following the manufacturer’s instructions. The assay could detect 0.1 – 40 mU/ml GR 
in samples.  
Superoxide dismutase (SOD) activity was determined by SUPEROXIDE DISMUTASE 
Colorimetric Activity Kit (Arbor Assays, Ann Arbor, USA) in serum samples following 
the manufacturer’s instructions. Sensitivity of the kit was 0.044 U/ml.  
Catalase (CAT) activity was determined by CATALASE Colorimetric Activity Kit 
(Arbor Assays, Ann Arbor, USA) in serum samples following the manufacturer’s 
instructions. Sensitivity of the kit was 0.052 U/ml and limit of detection was 0.062 U/ml.  
2.3.2.3. Inflammation biomarkers 
C - reactive protein (CRP) levels were determined by a sandwich enzyme immunoassay 
kit (Rat CRP Wuhan, China) according to the manufacturer’s instructions. The kit was 
characterized by an analytical sensitivity of 0.19 ng/ml and high analytical specificity 
(low-cross reactivity). 
2.3.2.4.  Dietary fiber effect 
Feces produced during 24 hours were collected from each cage the last day of the study. 
To evaluate the fiber effect of CSE, feces were counted and weighted. In addition, pH 
was measured since the level of fermentable carbohydrates and antioxidants in the diet 
are important factors affecting pH in feces. Antioxidant capacity of feces was determined 
by the ABTS+ method (section 2.3.2.2.).   
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Short chain fatty acids (SCFAs) were determined in 24 h feces from the treated and the 
control group collected the last day of the study. Five grams (wet weight) of rat feces 
were diluted in 50 ml of phosphoric acid 0.5 %, homogenized with an ultra-turrax 
(IKA®-Werke GmbH & Co. KG, Germany) for one minute, freezed with liquid nitrogen 
and after thawing, centrifuged at 4000 rpm for 20 minutes, and the supernatant was 
filtered through a membrane filter (pore size, 0.45 µm). SCFAs were identified and 
quantified by using gas chromatography (Agilent 7890A) coupled to mass spectrometry 
(Agilent 5975C) (Agilent Technologies, Santa Clara, CA, USA) with a DB-WAXtr 
column (60 m × 0.325 mm × 0.25 µm) (Agilent Technologies) (Primec, Mičetić-Turk, & 
Langerholc, 2017). The injector, ion source, quadrupole and the GC/MS interface 
temperature were 250, 230, 150 and 280 °C, respectively. The flow rate of helium carrier 
gas was kept at 1.5 ml/min. The initial column temperature was 50 °C and held 2 min, 
ramped to 150 °C at the rate of 15 °C/min, to 200 ºC at 5 ºC/min and then finally 
increased to 240 °C at the rate of 15 °C/min and kept at this temperature for 20 min. The 
ionization was carried out in the electron impact (EI) mode at 70 eV. The analytes were 
quantified in the selected ion monitoring (SIM) mode using the target ion and confirmed 
by confirmative ions. The target ion (m/z) of acetic, propionic, isobutyric, butyric, 
isovaleric, valeric, caproic and heptanoic acids are 43, 74, 43, 60, 60, 60, 60 and 60, 
respectively. Data were analyzed using MSD Chemstation E.02.00.493 program. The 
contents of SCFAs were calculated with standard methods. 
2.4. Statistical analysis 
Data were expressed as the mean ± standard deviation. One-way analysis of variance 
(ANOVA) was performed and statistical comparisons of the different treatments were 
performed using Tukey’s test. Values of p < 0.05 were considered statistically 
significant. All statistical analyses were performed using SPSS Statistics 24. 
3. Results  
3.1. Nutritional characterization 
With regard to the macronutrients present in CSE, Table 1 shows protein content, and 
free and total amino acids present in this by-product. CSE showed amounts of protein of 
16.17 % (w/w). Considering free and total amino acids, 37 % and 34 % from the total 
corresponded to essential amino acids, respectively. Serine, asparagine and arginine 
presented the higher values of free amino acids. In addition, asparagine together with 
glutamic acid and glycine showed higher values for total amino acids. Free tryptophan 
levels found in CSE were 0.25 mg/g.  
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Table 1. Total protein (%) and free and total amino acid content (mg/g) of coffee silverskin 
extract (CSE). 
 
CSE 
Total protein (%) 16.17 ± 0.06 
Amino acids (mg/g) Free Total 
Alanine (Ala) 0.66 ± 0.01 2.83 ± 0.13 
Arginine (Arg) 0.79 ± 0.01 1.14 ± 0.06 
Asparagine (Asp) 0.92 ± 0.02 6.41 ± 0.34 
Cysteine (Cys) 0.18 ± 0.02 0.35 ± 0.01 
γ-Amino butyric acid (GABA) 0.31 ± 0.00 N.D. 
Glutamic acid (Glu) 0.77 ± 0.00 5.61 ± 0.31 
Glycine (Gly) 0.23 ± 0.00 3.11 ± 0.14 
Histidine (His) 0.19 ± 0.00 0.92 ± 0.04 
Isoleucine (Ile) 0.21 ± 0.02 1.04 ± 0.06 
Leucine (Leu) 0.26 ± 0.01 1.54 ± 0.09 
Lysine (Lys) 0.59 ± 0.01 1.77 ± 0.10 
Methionine (Met) 0.04 ± 0.03 0.57 ± 0.02 
Phenylalanine (Phe) 0.29 ± 0.15 2.05 ± 0.09 
Proline (Pro) 0.41 ± 0.02 2.32 ± 0.10 
Serine (Ser) 1.32 ± 0.00 2.72 ± 0.14 
Threonine (Thr) 0.19 ± 0.00 1.78 ± 0.09 
Tryptophan (Trp) 0.25 ± 0.02 N.D. 
Tyrosine (Tyr) 0.65 ± 0.22 1.48 ± 0.08 
Valine (Val) 0.42 ± 0.01 1.79 ± 0.07 
EAA (% total) 37.12 ± 0.46 33.70 ± 0.11 
BCAA (Val + Leu + Ile) (% total) 10.18 ± 0.06 11.68 ± 0.05 
AAA (Phe + Tyr + Trp) (% total) 13.60 ± 3.30 9.44 ± 0.39 
EAA, essential amino acids; BCAA, branched-chain amino acids; AAA, aromatic amino acids. 
N.D., not determined. Results are expressed as mean ± SD (n = 2). 
 
Fat content and the fatty acid profile of CSE is shown in Table S1. Values of fat content 
were of 0.44 %. In this study, C:16 was the main fatty acid found (26 %), followed by 
C18:2n6c (21 %), C22:0 (19 %), and C20:0 (12 %). In general, CSE mainly presents 
saturated fatty acids (SFA) (67 %), followed by polyunsaturated (PUFA) (26 %) and 
monounsaturated (MUFA) (7 %) fatty acids (Table S1). 
Soluble simple carbohydrates detected in CSE were fructose (3.21 g/100 g), sucrose 
(1.97 g/100 g), glucose (1.29 g/100 g), mannose (0.06 g/100 g) and xylose (0.05 g/100 
g).  
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TDF detected in CSE was 21.81 ± 0.77 %. Dietary fiber present in CSE is mainly 
composed of SDF (13.36 ± 20.3 %), representing the 61 % of TDF in CSE. Values of 
IDF in CSE were of 8.18 ± 0.17 %.  
As for micronutrients in CSE, the presence of potassium (5,600 mg/100 g), magnesium 
(530 mg/100 g), sodium (460 mg/100 g) and calcium (350 mg/100 g) was also detected 
in this extract. In addition, results obtained from the analysis of organic acids showed 
values of 110 mg of ascorbic acid per 100 g of CSE.  
3.2. Repeated dose study 
3.2.1. Safety 
No adverse clinical signs or mortality were observed in animals treated with CSE (1 g/kg 
b.w.) for 28 days.  
3.2.1.1. Food and water intake  
According to results shown in Table 2, animals orally treated with CSE (1 g/kg b.w.) did 
not show significant changes in food intake compared to the control group (p > 0.05). 
After 2 weeks, male rats presented significantly higher food intake (p < 0.05) than 
female rats. Taking into account the fiber content present in rat feed (3.9 %) and in CSE 
(22 %), male rats treated with CSE had a significantly increased intake of total dietary 
fiber (p < 0.05). However, this increased fiber consumption was not observed for female 
animals (p > 0.05). Considering water intake, no significant differences (p > 0.05) were 
observed during the first 3 weeks of the study. However, during the 4th week of treatment 
water intake of female rats treated with CSE was significantly higher (p < 0.05) than 
that observed for rats from the control group (Table 2).  
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Table 2. Food, fiber (3.9 % of fiber from diet) and water intakes of control rats (n = 15) and rats 
treated with CSE (1 g/kg b.w.) (n = 15) during repeated dose toxicity study.   
   
 
 
 Male 
Female 
  Control CSE  Control CSE 
Food (g/rat/day)     
Week 1 14.1 ± 2.8 a 13.3 ± 1.4 a 15.5 ± 3.4 a 11.9 ± 0.9 a 
Week 2 17.5 ± 3.0 bc 18.3 ± 1.2 c 15.2 ± 1.1 ab 14.2 ± 1.0 a 
Week 3 21.3 ± 1.2 b 21.0 ± 2.7 b 17.7 ± 4.4 ab 16.2 ± 2.1 a 
Week 4 22.3 ± 0.9 b 22.0 ± 1.0 b 16.5 ± 1.7 a 17.2 ± 1.7 a 
Fiber intake (g/rat/day)     
From diet 0.9 ± 0.0 a 0.9 ± 0.0 a 0.7 ± 0.1 a 0.7 ± 0.1 a 
From CSE - 0.1 ± 0.0 - 0.1 ± 0.0 
Total 0.9 ± 0.0 a 1.0 ± 0.0 b 0.7 ± 0.1 a 0.8 ± 0.1 a 
Water (ml/rat/day)     
Week 1 21.6 ± 5.3
 a 27.4 ± 9.2 a 24.1 ± 4.2 a 25.3 ± 9.0 a 
Week 2 33.1 ± 9.8
 a 30.1 ± 5.8 a 26.6 ± 8.6 a 31.9 ± 7.3 a 
Week 3 43.0 ± 7.5
 a 39.3 ± 9.9 a 32.9 ± 4.7 a 38.6 ± 5.7 a 
Week 4 37.9 ± 6.3
 b 41.0 ± 4.2 b 28.0 ± 4.2 a 35.5 ± 3.8 b 
Data are expressed as the means ± standard deviation. Values in each row with different letters 
differ significantly (Tukey test, p < 0.05).  
 
3.2.1.2. Body and organ weight 
Figure 1 shows changes in absolute body weight of control and rats treated with CSE. 
At a dose of 1 g/kg b.w. of CSE, no significant changes were observed (p > 0.05) in 
treated rats compared to the control group up to the 28th day of the repeated dose toxicity 
study. After 2 weeks, treated and control male rats significantly increased (p < 0.05) 
their body weight compared to treated and control female rats. These results are in 
accordance to that observed in the food intake analysis (Table 2). 
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Figure 1. Body weight (g) of controls and rats treated with coffee silverskin extracts (CSE).    
 
Mean and absolute organ weights from male and female rats of controls and rats treated 
with CSE (1 g/kg b.w.) are shown in Table 3. In both male and female rats, no significant 
change was observed in any organ weight (p > 0.05) in animals treated with CSE 
compared to the control group. In addition, post-mortem exams were performed in all of 
the animals to macroscopically observe any disturbances in vital organs (liver, heart, 
lungs, kidneys, thymus, adrenal glands, sex organs, brain and spleen) and to collect tissue 
samples for histology (liver, heart and kidneys). There were no gross findings that were 
considered to be related to the administration of CSE. Hemorrhage was found in lungs 
of control and treated rats, possibly derived from the sacrifice method employed.  
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Table 3. Body weights, absolute and relative organ weights (grams) of control rats (n = 15) and 
rats treated with CSE (1 g/kg) (n = 15).  
 Male Female 
 Parameter Control CSE Control CSE 
Body weight (g) 263.8 ± 15.0 b 261.7 ± 18.5 b 197.2 ± 10.4 a 191.4 ± 12.8 a 
Absolute organ weights (g)     
Thymus 0.4 ± 0.1 a 0.6 ± 0.2 a 0.6 ± 0.2 a 0.5 ± 0.1 a 
Lungs 1.7 ± 0.4 ab 2.1 ± 0.4 b 1.2 ± 0.6 a 1.5 ± 0.3 ab 
Liver 10.0 ± 1.5 b 9.2 ± 1.3 b 6.6 ± 0.6 a 7.2 ± 1.0 a 
Kidneys 1.0 ± 0.1 ab 1.4 ± 0.6 b 0.8 ± 0.1 a 0.8 ± 0.1 a 
Adrenal glands 0.2 ± 0.0 a 0.2 ± 0.1 a 0.3 ± 0.1 a 0.2 ± 0.1 a 
Sex organs 2.5 ± 0.2 b 2.7 ± 0.4 b 1.4 ± 0.3 a 1.1 ± 0.3 a 
Brain 1.6 ± 0.1 a 1.6 ± 0.2 a 1.6 ± 0.2 a 1.5 ± 0.3 a 
Heart 1.0 ± 0.1 b 0.9 ± 0.1 ab 0.8 ± 0.2 ab 0.7 ± 0.1 a 
Spleen 0.5 ± 0.1 a 0.4 ± 0.1 a 0.5 ± 0.2 a 0.5 ± 0.1 a 
Relative organ weights (g%)     
Thymus 0.2 ± 0.0 a 0.2 ± 0.1 ab 0.3 ± 0.1 b 0.2 ± 0.0 ab 
Lungs 0.6 ± 0.2 a 0.8 ± 0.1 a 0.6 ± 0.3 a 0.8 ± 0.1 a 
Liver 3.8 ± 0.4 a 3.5 ± 0.4 a 3.3 ± 0.3 a 3.7 ± 0.4 a 
Kidneys 0.4 ± 0.0 a 0.5 ± 0.2 a 0.4 ± 0.0 a 0.4 ± 0.1 a 
Adrenal glands 0.1 ± 0.0 a 0.1 ± 0.0 a 0.1 ± 0.1 a 0.1 ± 0.1 a 
Sex organs 0.9 ± 0.1 b 1.0 ± 0.2 b 0.7 ± 0.2 a 0.6 ± 0.2 a 
Brain 0.6 ± 0.0 a 0.6 ± 0.1 a 0.8 ± 0.1 b 0.8 ± 0.1 b 
Heart 0.4 ± 0.0 a 0.3 ± 0.0 a 0.4 ± 0.1 a 0.4 ± 0.1 a 
Spleen 0.2 ± 0.0 a 0.2 ± 0.0 a 0.3 ± 0.1 a 0.2 ± 0.1 a 
Data are expressed as the means ± standard deviation. Values in each row with different letters 
differ significantly (Tukey test, p < 0.05).  
 
3.2.1.3. Histopathology 
At the end of the study, vital organs were subjected to histopathological examination. 
The microscopic observation showed no remarkable pathological changes in liver, 
kidneys or heart (Figure 2), or in the rest of the organs studied, from rats of both sexes 
and treated with CSE (1 g/kg b.w.) after repeated-dose toxicity study. 
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Figure 2. Representative microscopic findings for the liver, kidneys and heart of female and male 
Wistar rats treated with 1 g/kg b.w. CSE in aqueous solution and the controls for 28 days. Scale 
bar = 200µm. 
 
3.2.1.4. Hematological and biochemical parameters 
According to results described in Table 4, rats treated with CSE (1 g/kg b.w.) did not 
show statistically significant differences (p > 0.05) in the biochemical parameters 
studied in blood samples compared with control groups. Similar results were found in 
the hematological parameters also shown in Table 4, since no significant changes were 
observed in erythrocyte, leukocyte and platelet parameters (p > 0.05) of treated rats 
compared to the control group. 
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Table 4. Clinical biochemistry and hematology of blood samples from control rats (n = 15) and rats treated with CSE (1 g/kg) (n = 15).  
 Male Female 
  Control CSE Control CSE 
BIOCHEMICAL ANALYSES     
Glucose (mg/dl) 109.7 ± 42.2 a 101.0 ± 12.3 a 117.7 ± 7.9 a 106.0 ± 16.9 a 
Urea (mg/dl) 41.2 ± 3.5 ab 38.5 ± 4.0 a 46.1 ± 6.4 b 39.2 ± 5.2 ab 
Creatinine (mg/dl) <0.5 a <0.5 a <0.5 a <0.5 a  
Proteins (g/dl) 6.0 ± 0.7 a 5.9 ± 0.4 a 6.1 ± 0.3 a 5.5 ± 0.2 a 
ALT (U/l) 32.4 ± 6.6 b 26.6 ± 4.3 ab 23.1 ± 5.4 a 23.5 ± 3.5 a 
GGT (U/l) <5.0 a <5.0 a <5.0 a <5.0 a 
Cholesterol (mg/dl) 104.8 ± 4.5 a 103.3 ± 5.9 a 102.3 ± 3.6 a 105.6 ± 4.8 a 
Potasium (mEq/l) 3.5 ± 0.2 bc 3.7 ± 0.5 c 2.8 ± 0.1 a 3.2 ± 0.3 ab 
Sodium /mEq/l) 144.0 ± 4.6 a 145.2 ± 1.0 a 144.0 ± 1.1 a 142.2 ± 1.4 a 
Albumin (g/dl) 3.4 ± 0.1 ab 3.3 ± 0.1 a 3.5 ± 0.2 b 3.2 ± 0.1 a 
Bile acid (μmol/ml) 20.7 ± 10.9 a 15.0 ± 11.6 a 11.7 ± 4.5 a 14.0 ± 9.9 a 
ERYTHROCYTE PARAMETERS     
RBCs (x106 /µl) 8.5 ± 0.5 b 8.1 ± 0.3 ab 7.9 ± 0.4 ab 7.8 ± 0.4 a 
Hemoglobin (g/dl) 16.2 ± 0.4 b 16.1 ± 0.5 b 15.2 ± 0.6 a 14.8 ± 0.6 a 
HCT (%)   48.4 ± 1.5 b 47.4 ± 1.2 b 44.5 ± 2.5 a 43.3 ± 2.3 a 
MCV (fl) 56.6 ± 2.4 ab 58.3 ± 2.4 b 56.2 ± 0.9 ab 55.3 ± 1.4 a 
MCH (pg) 19.0 ± 0.8 a 19.8 ± 0.8 a 19.2 ± 0.3 a 19.0 ± 0.8 a 
MCHC (g/dl) 33.6 ± 0.3 a 34.1 ± 0.7 a 34.2 ± 0.6 a 34.3 ± 0.8 a 
RDW (%) 11.8 ± 0.6 b 11.5 ± 0.4 ab 11.1 ± 0.3 a 11.6 ± 0.4 ab 
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N.D. Non detected. Data are expressed as the means ± standard deviation. Values in each row with different letters differ significantly (Tukey 
test, p < 0.05). ALT, alanine aminotransferase; CSE, coffee silverskin extract; GGT, gamma-glutamyl transferase; HCT, hematocrit; MCH, 
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MPV, mean platelet 
volume; RBCs, red blood cells; RDW, red cell distribution width; WBCs, white blood cells.  
 
 Male Female 
  Control CSE Control CSE 
WBCs (x103 /µl) 8.1 ± 1.4 b 7.1 ± 3.0 ab 4.7 ± 1.4 a 4.6 ± 1.4 a 
Segmented Neutrophils (μl) 1155.0 ± 303.5 b 586.3 ± 304.4 a 864.4 ± 396.2 ab 499.0 ± 226.2 a 
Band Neutrophils (μl) N.D. N.D. N.D. N.D. 
Lymphocytes (µl) 6919.0 ± 1323.6 c 6395.7 ± 2738.7 bc 3683.0 ± 1132.9 a 3996.8 ± 1550.2 ab 
Monocytes (µl) 37.7 ± 47.5 a 71.0 ± 67.0 a 82.8 ± 82.3 a 57.1 ± 42.2 a 
Eosinophils (μl) 59.7 ± 66.5 a 84.3 ± 98.7 a 69.2 ± 94.9 a 75.5 ± 18.4 a 
Basophils (μl) N.D. N.D. 43.2 ± 93.9 N.D. 
PLATELET PARAMETERS     
Platelets (x103 /µl) 801.8 ± 213.9 a 773.5 ± 309.3 a 763.0 ± 272.9 a 755.4 ± 368.4 a 
MPV (fl) 9.0 ± 0.5 a 9.0 ± 0.8 a 8.7 ± 0.6 a 9.1 ± 0.4 a 
Plateletcrit (%)  0.7 ± 0.1 a 0.6 ± 0.2 a 0.6 ± 0.2 a 0.6 ± 0.3 a 
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3.2.2. Effect on key biological functions 
3.2.2.1. Hormone levels  
Evaluation of insulin, serotonin and melatonin levels after the 28 days repeated dose 
toxicity study did not report any differences in these hormone levels (p > 0.05) between 
treated and control rats (Table 5).  
Table 5. Analyses of serum from control rats (n = 15) and rats treated with CSE (1 g/kg) (n = 
15).  
 Male 
Female 
 Control CSE Control CSE 
Oxidative stress     
Total antioxidant 
capacity (Eq. Trolox 
mM) 2.0 ± 0.1 a 2.0 ± 0.1 a 2.0 ± 0.0 a 2.0 ± 0.1 a 
Glutathione 
Peroxidase (GPx) 
(U/ml) 0.2 ±  0.0 a 0.2 ±  0.0 a 0.2 ±  0.0 a 0.2 ±  0.0 a 
Glutathione Reductase 
(GR) (U/ml) 3.5 ± 0.8 a 3.9 ± 1.2 a 4.1 ± 0.9 a 3.7 ± 0.9 a 
Superoxide Dismutase 
(SOD) (U/ml) 2.9 ± 0.8 a 3.1 ± 1.4 a 3.0 ± 1.3 a 3.2 ± 1.3 a 
Catalase (CAT) (U/ml) 7.0 ± 4.2 a 7.4 ± 5.1 a 5.3 ± 1.5 a 7.1 ± 4.3 a 
Inflammation     
C Reactive Protein (μl 
U/ml) 0.1 ± 0.0 a 0.1 ± 0.0 a 0.1 ± 0.0 a 0.1 ± 0.0 a 
Hormones     
Insulin (ng/ml) 34.9 ± 19.3 a 29.4 ± 28.8 a 21.9 ± 12.6 a 26.9 ± 8.9 a 
Serotonin (ng/ml) 240.8 ± 43.8 a 239.1 ± 46.0 a 208.4 ± 26.4 a 210.7 ± 20.2 a 
Melatonin (pg/ml) 671.9 ± 258.1 a 853.4 ± 161.5 a 784.5 ± 196.3 a 900.6 ± 45.4 a 
Data are expressed as the means ± standard deviation. Values in each row with different letters 
differ significantly (Tukey test, p < 0.05).  
 
3.2.2.2. Oxidative stress and inflammation biomarkers 
Table 5 shows the total antioxidant capacity (TAC) and the enzymatic oxidative stress 
biomarkers (glutathione peroxidase (GPx), glutathione reductase (GR), superoxide 
dismutase (SOD) and catalase (CAT)) studied in serum samples of control and rats 
treated with CSE (1 g/kg b.w.). Daily administration of CSE (1 g/kg b.w.) did not 
significantly affect antioxidant biomarkers in blood samples (p > 0.05). In addition, no 
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significant differences (p > 0.05) between groups were observed in C reactive protein 
levels, suggesting no signs of inflammation when this particular biomarker was studied. 
3.2.3. Dietary fiber effect 
With regard to the analyses carried out in feces generated during 24 hours collected the 
last day of the study (Table 6), control male rats showed a significant higher (p < 0.05) 
number of pellets  than male rats treated with CSE. No significant differences were 
detected in pellet number of female rats. In addition, no significant differences were 
detected in feces weight between groups, and treatment of male and female rats with 
CSE (1 g/kg b.w.) did not affect pH or total antioxidant capacity (p > 0.05) of rat feces 
collected at the end of the study (Table 6).  
Table 6. Analyses of feces generated during 24 hours from control rats (n = 15) and rats treated 
with CSE (1 g/kg) (n = 15) collected the last day of the study.  
 Male 
Female 
  Control CSE  Control CSE 
Number pellet/rat 53.0 ± 0.5 b 44.0 ± 1.6 a 44.0 ± 0.1 a 41.0 ± 2.0 a 
Feces weight (g)/pellet 0.04 ± 0.0 a 0.03 ± 0.0 a 0.03 ± 0.0 a 0.03 ± 0.0 a 
Feces weight (g)/rat 5.5 ± 0.2 b 5.2 ± 0.0 ab 4.2 ± 0.4 a 4.4 ± 0.2 a 
pH 6.3 ± 0.1
 a 6.3 ± 0.1 a 6.3 ± 0.1 a 6.3 ± 0.1 a 
Total antioxidant capacity 
(Eq. Trolox mM) 
8.2 ± 0.4 a 7.8 ± 0.3 a 8.1 ± 0.4 a 7.8 ± 0.7 a 
SCFAs (µmol/g)     
Acetic 46.42 ± 1.75a 68.49 ± 8.23c 59.64 ± 1.79b 62.18 ± 4.22bc 
Propionic 5.14 ± 0.24a 5.94 ± 0.90a 7.09 ± 0.34b 5.29 ± 0.38a 
Isobutyric 0.24 ± 0.01a 0.28 ± 0.04ab 0.40 ± 0.02c 0.31 ± 0.03b 
Butyric 6.71 ± 1.08c 2.33 ± 0.20a  10.63 ± 0.73d 4.51 ± 0.34b  
Isovaleric 0.17 ± 0.02a 0.16 ± 0.03a 0.28 ± 0.01c 0.21 ± 0.02b 
Valeric 0.49 ± 0.05b  0.40 ± 0.06a 0.78 ± 0.03c 0.48 ± 0.04b 
Caproic 0.40 ± 0.04
b 0.30 ± 0.04a 0.92 ± 0.03d 0.55 ± 0.06c 
Heptanoic N.D. N.D. N.D. N.D. 
Total SCFAs 59.57 ± 3.14 
a 77.90 ± 9.42 b 79.75 ± 2.81 b 73.52 ± 5.05 b 
 
Data are expressed as the means ± standard deviation. Values in each row with different letters 
differ significantly (Tukey test, p < 0.05).  
 
Results of SCFAs analyzed in feces collected the last day of the study are shown in Table 
6. The most abundant SCFAs found in feces were acetate, propionate and butyrate. Total 
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SCFAs (60 μmol/g and 78 μmol/g for control and treated rats) were significantly 
increased (p < 0.05) in feces when male rats were treated with CSE. However, this effect 
was not observed in female rats (79 μmol/g and 73 μmol/g for control and treated rats). 
In male rats, acetate significantly increased (p < 0.05) in feces after the repeated intake 
of CSE. 
4. Discussion 
4.1. Nutritional quality  
Considering the nutritional profile of CS, this by-product has great potential for its use 
as a novel food ingredient (Borrelli et al., 2004; Martinez-Saez et al., 2014; Mussatto, 
Machado, Martins, & Teixeira, 2011; Pourfarzad, Mahdavian-Mehr, & Sedaghat, 2013). 
Results obtained in the present study suggest that the aqueous extract obtained from CS 
can be considered a ‘source of proteins’ since it contains over 12 g/100 g of proteins as 
stated in the Regulation (EU) No 1924/2006 (The European Parliament and The Council 
of the European Union, 2006) (Table 1). Protein values of CSE are similar to those of 
egg (12 %) and higher than protein content in milk (3 %) reported by the United States 
Department of Agriculture (USDA) National Nutrient Database. According to the 
Commission Regulation (EU) No 432/2012, the health claims for foods that are at least 
a source of proteins could be applied to CSE. These health claims are as follows: ‘protein 
contributes to the growth and maintenance of muscle mass’ and ‘to the normal 
maintenance of normal bones’ (The European Commission, 2012). The extract did not 
have a significant effect (p > 0.05) on protein intake biochemical parameters determined 
in blood samples from rats, urea and creatinine, compared to control rats (Table 4). 
Values obtained for these biomarkers were within the physiological range (Wolford et 
al., 1986).  
To the best of our knowledge, this is the first study that shows the amino acid profile of 
CSE. The proportion of essential amino acids (34 – 37 %) makes CSE a good source of 
indispensable amino acids (Table 1). Claimed effects related to amino acids are growth 
or maintenance of muscle mass, maintenance of normal muscle function, faster recovery 
of muscle function/strength/glycogen stores after exercise, faster recovery from muscle 
fatigue after exercise and skeletal muscle tissue repair (Turck et al., 2018). However, 
these claimed effects are not established in terms of cause-effect relationship and have 
been evaluated by the EFSA Panel with an unfavourable opinion (Turck et al., 2018). 
CSE may be used as a novel ingredient in foods as a source of amino acids.   
On the other hand, taking into account that the fat content of CS was 0.44 %, this extract 
could also be considered a ‘low fat’ product (The European Parliament and The Council 
of the European Union, 2006). Fat content in CSE was lower to that previously described 
for CS, which ranged from 1.6 % to 3.3 % (Costa et al., 2018; Napolitano, Fogliano, 
Tafuri, & Ritieni, 2007). Fatty acid composition of CS is mainly composed by palmitic 
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acid (C16:0), followed by linoleic acid (C18:2n6) and behenic acid (C:22:0), which 
agrees with that previously reported by other authors (Toschi, Cardenia, Bonaga, 
Mandrioli, & Rodriguez-estrada, 2014). As expected, the repeated intake of CSE (1 g/kg 
b.w.) did not have an effect on fat consumption biomarkers, such as cholesterol, 
aminotransferases and bile acids (Table 4), in rats treated with CSE compared to the 
control group.  
The total amount of simple carbohydrates composing CSE (6.58 g/100g) did not rise (p 
> 0.05) glucose levels of treated rats compared to control rats (Table 4). The amount of 
total simple sugars is close to the value stated by the European Commission of 5 g of 
sugars per 100 g for reaching the nutrition claim of ‘low sugar’ (The European 
Parliament and The Council of the European Union, 2006). The value of simple sugars 
obtained in this study is similar to that obtained by Costa et al. (2018) (Costa et al., 
2018). In contrast, this value is higher than that reported for a mixture of Arabica and 
Robusta CS by Toschi et al. (2014), although the main simple carbohydrates detected in 
both studies were fructose and sucrose (Toschi et al., 2014).  
The amount of total dietary fiber obtained in this study (22 %); as well as SDF (14 %) 
and IDF (8 %), agrees with that previously reported for CSE (28 %, 24 % and 4 % for 
TDF, SDF and IDF, respectively) (Mesías et al., 2014).  Different authors have reported 
the values of total, insoluble and soluble dietary fiber of CS, being approximately 60 %, 
50 % and 8 %, respectively (Ballesteros et al., 2014; Borrelli et al., 2004; A. S. G. Costa 
et al., 2018; Martinez-Saez et al., 2014). Ballesteros et al. (2014) reported that insoluble 
dietary fiber in CS is composed by cellulose, hemicellulose and lignin (Ballesteros et al., 
2014). This potential novel ingredient can reach the nutrition claim of ‘high in fiber’ in 
which the product has to contain at least 6 g of fiber per 100 g (The European Parliament 
and The Council of the European Union, 2006). The health claims attributed to the “high 
in fiber” nutrition claim are: ‘fiber increases fecal bulk, contributes to normal bowel 
function and to an acceleration of the intestinal transit’ (The European Commission, 
2012). 
The WHO recommends a potassium intake of at least 90 mmol/day (3.5 g/day) for adults 
to reduce of blood pressure and risk of cardiovascular disease, stroke and coronary heart 
disease in adults (World Health Organization, 2012). In this sense, CSE would be a good 
source of potassium (5.6 g/100 g) (European Council, 1990), which is in accordance to 
that reported by Costa et al. (2018) (Costa et al., 2018).  According to the Commission 
Regulation (EU) No 432/2012, foods that are a source of potassium can be labeled under 
the following health claims: “potassium contributes to normal functioning of the nervous 
system, to normal muscle function and to normal blood pressure” (The European 
Commission, 2012).   
On the other hand, the extract hereby studied may also be considered a ‘source of 
magnesium, calcium and vitamin C’. Recommended daily allowances (RDAs) for 
Chapter 2 – Study 3 
 
160 
 
magnesium, calcium and vitamin C are 300 mg, 800 mg and 60 mg, respectively 
(European Council, 1990). Since values of magnesium, calcium and vitamin C present 
in CSE represent a 15 % of the recommended allowance per 100 g of product, this by-
product may be considered a source of these compounds. The nutrition claim source of 
magnesium is related to the following health claims: “Magnesium contributes to a 
reduction of tiredness and fatigue, to electrolyte balance, to normal energy-yielding 
metabolism, to normal functioning of the nervous system, to normal muscle function, to 
normal protein synthesis, to normal physiological function, to the maintenance of normal 
bones and teeth and has a role in the process of cell division” (The European 
Commission, 2012).  
Calcium is also involved in the health claims: “Calcium contributes to normal blood 
clotting, to normal energy-yielding metabolism, to normal muscle function, to normal 
neurotransmission, to normal function of digestive enzymes, has a role in the process of 
cell division and specialization and is needed for the maintenance of normal bones and 
teeth” (The European Commission, 2012).  
Finally, health claims regarding vitamin C content are: “Vitamin C contributes to normal 
function of the immune system, to normal collagen formation for the normal function of 
blood vessels, bones, cartilages, skin and teeth; contributes to normal energy-yielding 
metabolism, to normal functioning of the nervous system, to normal physiological 
function, to the protection of cells from oxidative stress, to the reduction of tiredness and 
fatigue, to the regeneration of the reduced form of vitamin E and increases iron 
absorption”  (The European Commission, 2012).  
The strong correlation between diet and health, together with sedentary lifestyles, an 
aging population and increasing healthcare costs have driven the interest of research in 
developing healthier food products (Malla, Hobbs, & Kofi Sogah, 2018). Fiber-enriched 
foods have been developped in the past few years to increase dietary fiber consumption 
to reduce the risk of chronic diseases. CS has been employed as dietary fiber for reducing 
caloric density and increasing dietary fiber content of breads (Pourfarzad et al., 2013). 
CS has also been added to bread formulations as a natural sustainable source of 
antioxidants, α-glucosidase inhibitors and colorants (Guglielmetti, Fernandez-Gomez, 
Zeppa, & del Castillo, 2019). CS has also been used as a coloring and as a dietary fiber 
source, to achieve healthier nutritious and high sensorial quality biscuits. The nutritional 
value and the appearance of the biscuits also improved by the addition of CS (Garcia-
Serna, Martinez-Saez, Mesias, Morales, & Castillo, 2014). CS has also been used in 
another bakery product, cakes have been formulated with up to 30 % of water treated 
CS as a flour substitute (Ateş & Elmacı, 2018b, 2018a). In addition, anti-obesity and 
antioxidant beverages have been developed with CSE. Beverages made from Arabica 
and Robusta CSE (100 µg/mL), reduced body fat by 21 % and 24 %, respectively, in 
Caenorhabditis elegans as an animal model (Martinez-Saez et al., 2014). Finally, recent 
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studies have used CS in yogurt production and showed that the bioactive compounds are 
still bioaccessible after the digestion process (Bertolino et al., 2019). 
4.2. Safety 
To the best of our knowledge, no study regarding the effects of the prolonged exposure 
of an aqueous extract of CS has been performed. In the present study, CSE from Arabica 
coffee beans was evaluated in Wistar rats exposed to 1 g/kg b.w. The feeding of CSE (1 
g/kg b.w.) to male and female Wistar rats for 4 weeks did not cause mortality in any of 
the animals. This absence of mortality is considered a positive aspect to support a safe 
use of CSE in animals and in subsequent clinical trials with formulations containing this 
material.  
The safety of these novel foods must be scientifically proven for human consumption. 
Previous studies have proven the safety CSE at different levels through genotoxicity and 
acute toxicity studies (Iriondo-DeHond, Aparicio García, et al., 2019; Iriondo-DeHond, 
Haza, Ávalos, del Castillo, & Morales, 2017). CSE did not induce either cytotoxicity or 
genotoxicity and also protected human cells from DNA strand breaks and oxidative 
DNA damage effects of chemicals agents such as benzo(a)pyrene (Iriondo-DeHond et 
al., 2017). In addition, no lethal effects were observed in acute toxicity studies when rats 
were treated with 2 g/kg b.w. by oral administration (Iriondo-DeHond, Aparicio García, 
et al., 2019). 
With regard to food and water intake, there were no significant differences (p > 0.05) 
between treated and control groups, which indicates that CSE does not interfere with 
these parameters. Weight loss is considered of toxicological importance when the 
reduction is at least 10 % less than the initial body weight (Hayes & Kruger, 2014). As 
expected from the results obtained for food intake, body weight of rats treated with CSE 
did not change compared to the control group during the 28 days of the study (p >0.05) 
suggesting that CSE does not compromise nutrient absorption. Other authors have 
reported the absence of changes in food intake and body weight between control rats and 
rats treated with β-glucans extracted from barley for 28 days (Delaney et al., 2003). El 
Kabbaoui et al. (2017) studied also the effect of a vegetal aqueous extract on Wistar rats 
and no significant changes in body weight were reported when rats were fed with 1 g/kg 
of Cistus ladaniferus L. extract (El Kabbaoui et al., 2017).  
Significant changes in absolute and relative organ weight of rats can be considered as an 
important evidence of toxicity (Da Silva et al., 2016). Organs in this study were selected 
according to the Society of Toxicologic Pathology (STP) recommendations. With regard 
to the macroscopic morphological analysis, there was no change in the shape or weight 
of the studied organs (thymus, lungs, liver, kidneys, adrenal glands, sex organs, brain, 
heart and spleen) in rats treated with CSE (1 g/kg b.w.). Furthermore, the histopathology 
examination showed no histopathological lesions in liver, kidneys and heart after 
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treatment with CSE. The assessment of histopathological alterations in organs 
considered as a basic test in the safety assessment of tested materials (Al-Afifi, Alabsi, 
Bakri, & Ramanathan, 2018). These results reinforce the findings of absence of toxicity 
after treatment with 1 g/kg b.w. of this compound for 28 days. Other authors have also 
reported the absence of morphological or histopathological alterations when Wistar rats 
were treated with different plan extract following the same procedure described in this 
study (Afzan et al., 2012; El Kabbaoui et al., 2017; Khan et al., 2011).  
Analysis of blood parameters in animal models has a high predictive value for alterations 
of the hematological system in human toxicity (Olson et al., 2000). No significant 
differences (p > 0.05) were observed in biochemical parameters when diet of rats was 
supplemented with CSE at 1 g/kg b.w. Glucose, cholesterol, proteins, potassium, 
sodium, albumin and bile acid levels in treated and control rats were in the same range 
of that previously described for Wistar rats (Boehm et al., 2007; Charles River 
Laboratories, 1998; Wolford et al., 1986). Kidney and liver functionality were evaluated 
by the measurement of urea and creatinine, and ALT and GGT, respectively. No 
significant changes (p > 0.05) were observed in these parameters when animals were 
treated with CSE 1 g/kg b.w. and the obtained values were similar to those in the 
reference databases (Boehm et al., 2007; Charles River Laboratories, 1998; Wolford et 
al., 1986). No signs of acute of prolonged hepatotoxicity were observed since liver 
enzyme levels were neither raised nor decreased (K. E. Imafidon and Okunrobo, 2012). 
These results are in accordance to the absence of toxicity observed in the 
histopathological analysis of kidney and liver tissue of rats treated with CSE 1 g/kg b.w. 
for 28 days. On the other hand, damage or destruction of blood cells negatively affects 
normal functioning of the body in both humans and animals (Al-Afifi et al., 2018). 
Analysis of erythrocytes, leukocytes and platelets showed the absence of alterations in 
these parameters after treatment with CSE.  
4.3. Effect on key biological functions 
With regard to hormone secretion, no significant differences (p > 0.05) were observed 
in insulin serum levels of healthy rats treated with CSE 1 g/kg for 28 days (Table 5). 
However, CSE has shown the ability to modulate insulin secretion in vitro in pancreatic 
INS-1E cells (Fernandez-Gomez, Ramos, et al., 2016). Doses of CSE of 1–10 μg/ml 
stimulated insulin secretion and reinforced the antioxidant defense in pancreatic beta 
cells stressed with streptozotocin (Fernandez-Gomez, Lezama, et al., 2016). In addition, 
previous studies have shown the anti-diabetic properties of CSE (Fernandez-Gomez, 
Lezama, et al., 2016; Fernandez-Gomez, Ramos, et al., 2016). Daily administration of 
CSE before the induction of diabetes with streptozotocin–nicotinamide (type 2 diabetes 
model) significantly reduced (p < 0.05) pancreatic oxidative stress protecting rats from 
developing diabetes (Fernandez-Gomez, Lezama, et al., 2016).  
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The essential amino acid tryptophan, which is present in CSE (Table 1), is the precursor 
of several important products including serotonin or melatonin (Paredes, Barriga, Reiter, 
& Rodríguez, 2009). Serotonin and melatonin are both hormones that regulate various 
biological functions such as sleep, appetite and mood. The melatonin-serotonin pathway 
affects appetite and digestive processes by endocrine as well as paracrine effects in both 
the brain and the gastrointestinal tract (Thor, Krolczyk, Gil, Zurowski, & Nowak, 2007). 
CSE used in this study possesses 3.4 mg/g dry matter of melatonin (del Castillo et al., 
2016). However, no significant changes (p > 0.05) were observed in neither melatonin 
levels nor its precursor, serotonin, in serum of rats treated with CSE compared to the 
control group. CSE may be used as a source of tryptophan, which will act as a 
neurometabolite.  
On the other hand, caffeine content in CSE is 24 mg/g (Iriondo-DeHond, Aparicio 
García, et al., 2019) and it has been reported that caffeine also impacts on circadian 
rhythms (Weibel et al., 2019). In humans, acute caffeine intake has been shown to delay 
the onset of melatonin secretion and decrease nighttime melatonin levels (Burke et al., 
2015). Results obtained in this study seem to indicate that the physiological functions 
determined by these hormones were not affected by the repeated intake of CSE at 1 g/kg 
b.w.  
Although CSE is known to possess high antioxidant capacity (Borrelli et al., 2004), non-
enzymatic and enzymatic oxidative stress biomarkers (GPx, GR, SOD and CAT) 
analyzed in serum samples were not altered after the administration of CSE 1 g/kg for 
28 days (Table 5). In contrast, previous studies have shown the antioxidant properties of 
CSE in vivo in pancreatic tissue samples of diabetic rats (Scalbert, Morand, Manach, & 
Rémésy, 2002). Further studies should be carried out to investigate the antioxidant 
properties of CSE in certain organs, since polyphenols are metabolized in tissues and 
these metabolites can also possess antioxidant properties (Scalbert & Williamson, 2000). 
In addition, no significant differences (p > 0.05) were observed in inflammation 
biomarkers, C reactive protein, in treated rats compared to the control group.  Recent 
studies have reported that phenolic compounds composing CSE possess anti-
inflammatory properties in vitro. CSE reduced the expression of inducible nitric oxide 
synthase (iNOS) and cyclooxygenase-2 (COX-2) and decreased the secretion of pro-
inflammatory factors in LPS-stimulated RAW2643.7 macrophages (Rebollo-Hernanz, 
Zhang, Aguilera, Martín-Cabrejas, & Gonzalez de Mejia, 2019). Further research 
regarding the analysis of several pro-inflammatory biomarkers should be carried out in 
vivo.  
Considering the potential fiber effect of CSE, no significant changes (p > 0.05) in feces 
number and weight were observed for female rats between groups after 28 days of CSE 
ingestion (Table 6). However, male rats treated with CSE showed a lower number of 
feces compared to the control group. Previous studies have shown that the high 
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molecular weight of CSE, rich in melanoidins, accelerated intestinal transit in treated 
animals after 28 days of exposure (Tores de la Cruz et al., 2019).  
CS contains higher amount of soluble dietary fiber compared to other materials, and 
therefore, can be fermented and also possesses large water retention, promotes the 
growth of bifidobacteria, and decreases the absorption of fat and sugars (Ballesteros et 
al., 2014). Results regarding the analysis of SCFAs showed that sex seems to influence 
the SCFAs profile of rats’ feces. Total SCFAs were significantly higher (p < 0.05) in 
female control rats compared to male control animals. Values of SCFAs and molar ratios 
of acetate:propionate:butyrate, which are also an indicator of dietary changes, of male 
rats showed in this study are similar to that previously described (Kleessen, Stoof, 
Schmiedl, Noack, & Blaut, 1994). Shastri et al. (2015) have previously reported the 
influence of sex in gut fermentation. Authors illustrated the need of considering sex in 
research studies that investigate health impacts from the intake of functional foods or 
ingredients that contribute to the improvement of gut health (Shastri, McCarville, 
Kalmokoff, Brooks, & Green-Johnson, 2015). Male rats treated with CSE showed 
significantly higher (p < 0.05) content of total SCFAs and acetate than male control rats. 
This is in agreement with the increased fiber consumption in male rats (Table 2). The 
higher levels of SCFAs had no significant effects (p > 0.05) on pH values obtained in 
feces of rats treated with CSE (Table 6). Health promoting properties associated to 
acetate are increased colonic blood flow and enhanced ileal motility (Scheppach, 1994). 
Considering the results obtained from the dietary fiber effect and the health claim made 
on foods high in fiber, it may be said that the dietary fiber present in CSE may contribute 
to normal bowel function.  
With regard to butyrate, there is increasing evidence that this SCFA per se may be 
beneficial for human health (Koh, De Vadder, Kovatcheva-Datchary, & Bäckhed, 2016). 
Lower values of butyrate (p < 0.05) were observed in animals treated with CSE.  The 
majority of SCFAs are rapidly absorbed by the colonocytes in the cecum and large 
intestine and only approximately 5% are secreted in the feces, and the major part of 
butyrate is used as fuel for colonocytes and it plays an important role in maintaining 
colonic health in humans (den Besten et al., 2013; Jaquet, Rochat, Moulin, Cavin, & 
Bibiloni, 2009). Therefore, butyrate produced by fermentation of fiber present in CSE 
may have been absorbed by intestinal cells where it exerts is potential health benefits. 
Fiber from another coffee by-product, spent coffee grounds (SCGs), has shown anti-
inflammatory properties after in vitro fermentation by human gut microflora. SCFAs 
produced by colonic fermentation of SCGs exhibited great anti- inflammatory properties 
by suppressing NO production, and inhibited inflammatory cytokines (López-Barrera, 
Vázquez-Sánchez, Loarca-Piña, & Campos-Vega, 2016). Considering results obtained 
in this study, CSE might be considered as a sustainable novel food ingredient with health 
promoting properties and with beneficial effects on gut microbiota. 
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5. Conclusions 
The nutritional profile of CSE makes it a good candidate for its use as a novel food 
ingredient. This novel ingredient might be considered a source of proteins, low in fat and 
high in fiber. It can also be considered source of potassium, magnesium, calcium and 
vitamin C. Oral administration of CSE at a dose of 1 g/kg for a period of 28 days is safe 
in rats. Effects on key biological functions of CSE were studied in vivo in healthy rats, 
and the supplementation of the diet with CSE had no negative effects in hormone 
secretion, antioxidant or anti-inflammatory biomarkers. The dietary fiber effect of CSE 
has observed since total SCFAs and acetate derived from CSE fiber fermentation were 
significantly higher (p < 0.05) in male rats compared to male control rats. The same 
trend was observed in female rats for acetic acid. Altogether, coffee silverskin extract 
can be considered a natural, sustainable and safe food ingredient with potential effects 
for the gastrointestinal health due to the metabolites (SCFAs) derived from the 
fermentation of its dietary fiber. However, further clinical investigations are needed to 
confirm its safety and effectiveness in humans.  
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Table S1. Fat (%) and fatty acid content (g/100 g of FA methyl esters) of coffee silverskin extract 
(CSE). 
 
CSE 
Fat (%) 0.44 ± 0.14 
Fatty acid profile (g/100 g)  
C14:0  1.24 ± 0.03 
C15:0  0.52 ± 0.00 
C16:0  26.24 ± 0.02 
C16:1n7 0.26 ± 0.01 
C17:0  0.16 ± 0.01 
C18:0  6.54 ± 0.02 
C18:1n7c  0.84 ± 0.01 
C18:1n9c  5.44 ± 0.10 
C18:2n6c  20.89 ± 0.11 
C18:3n3   0.96 ± 0.04 
C20:0  12.86 ± 0.04  
C20:1n9 0.37 ± 0.00  
C20:5n3  0.18 ± 0.01 
C21:0 / C20:3n6* 0.32 ± 0.00 
C22:0  18.74 ± 0.04 
C22:6n3  0.29 ± 0.07 
C23:0  0.50 ± 0.01 
C24:0 /C22:5n3* 3.63 ± 0.03 
SFA 66.81 ± 0.01 
MUFA 6.92 ± 0.10 
PUFA 25.95 ± 0.11 
 
SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty 
acids. Results are expressed as mean ± SD (n = 3).  
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CHAPTER 3 
 
Study 4: Bioaccessibility, metabolism, and excretion of lipids 
composing spent coffee grounds 
 
This chapter provides information regarding the validation of the coffee brewing by-
product (spent coffee grounds, SCGs) as a safe, healthy and sustainable dietary fiber. 
Results from this chapter have been published in:  
 
Iriondo-DeHond, A., Cornejo, F. S., Fernandez-Gomez, B., Vera, G., Guisantes-Batan, 
E., Alonso, S. G., San Andres, M.I., Sanchez-Fortun, S., Lopez-Gomez, L., Uranga, 
J.A., Abalo, R., del Castillo, M. D. (2019). Nutrients, 11(6), 1411. Available at: 
https://doi.org/10.3390/nu11061411 
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Abstract 
The bioaccessibility, metabolism, and excretion of lipids composing spent coffee 
grounds (SCGs) were investigated. An analysis of mycotoxins and an acute toxicity 
study in rats were performed for safety evaluation. Total fat, fatty acids, and diterpenes 
(cafestol and kahweol) were determined in SCGs and their digests obtained in vitro. A 
pilot repeated intake study was carried out in Wistar rats using a dose of 1 g SCGs/kg 
b.w. for 28 days. Fat metabolism was evaluated by analysis of total fat, cholesterol, and 
histology in liver. The dietary fiber effect of SCGs was measured radiographically. The 
absence of mycotoxins and toxicity was reported in SCGs. A total of 77 % of unsaturated 
fatty acids and low amounts of kahweol (7.09 µg/g) and cafestol (414.39 µg/g) were 
bioaccessible after in vitro digestion. A significantly lower (p < 0.1) accumulation of 
lipids in the liver and a higher excretion of these in feces was found in rats treated with 
SCGs for 28 days. No lipid droplets or liver damage were observed by histology. SCGs 
acutely accelerated intestinal motility in rats. SCGs might be considered a sustainable, 
safe, and healthy food ingredient with potential for preventing hepatic steatosis due to 
their effect as dietary fiber with a high fat-holding capacity.  
Keywords: bioaccesibility; cafestol; fatty acids; kahweol; lipid excretion; lipid liver 
biomarkers; lipid metabolism; spent coffee grounds
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1. Introduction 
Coffee is one of the major plantation crops grown worldwide and one of the most popular 
beverages consumed all over the world. When coffee is extracted in water for the 
preparation of the beverage, most of the hydrophobic compounds, such as oils, lipids, 
triglycerides and fatty acids and also insoluble carbohydrates like cellulose and other 
indigestible sugars, remain in the grounds (Padmapriya et al., 2013).  
Spent coffee grounds (SCGs) are the most abundant coffee by-product (45 %) generated 
during the treatment of coffee powder with hot water to prepare coffee infusion or steam 
for the instant coffee preparation (Murthy & Naidu, 2012). The main ingredient present 
in SCGs is dietary fiber and it can be categorized as antioxidant dietary fiber, useful as 
a potential dietary supplement (Campos-Vega et al., 2015; del Castillo et al. 2014; 
Martinez-Saez et al., 2017). SCGs dietary fiber is mainly composed of insoluble fiber 
(88 % total dietary fiber), representing the 41.6 % of the total sample. SCGs are rich in 
mannose, galactose, glucose and arabinose polymerized into hemicellulose and cellulose 
(45.3 – 51.5 %, w/w) (Ballesteros et al., 2014; Mussatto et al., 2011) and there is also 
high content of galactomannans (Simões et al., 2013). In addition, lignin is also present 
in a significant amount in SCGs (19 – 26 % w/w) (Ballesteros et al., 2014; Pujol et al., 
2013). 
The second most predominant ingredient in SCGs are lipids, which are ranged from 10 
to 30 % (Campos-Vega et al., 2015; Martinez-Saez et al., 2017). The composition of 
lipids from SCGs slightly differs from that of raw coffee beans, but generally coffee oil 
contains mainly triacylglycerols (75 %) and unsaponificables, including about 19 % of 
total free and esterified diterpene alcohols, about 5 % of total free and esterified sterols, 
and very low amounts of other substances such as tocopherols (Calligaris et al., 2009). 
Diterpenes, cafestol and kahweol, present in the lipid fraction of coffee are related to 
increased blood cholesterol, especially in the case of cafestol (George et al., 2008; 
Ricketts et al., 2007). However, the diterpenes kahweol and cafestol are also known for 
their potential beneficial physiological effects such as ultraviolet B (UVB) skin 
protection, anticarcinogenic, anti-inflammatory and antioxidant activities (Silva et al., 
2014). 
The application of SCGs represents a value-added opportunity for coffee byproduct 
utilization at a very low cost. Several applications have been proposed for SCGs, which 
include their use as biofuels, biosorbents, animal feed, ceramic manufacturing and 
composite materials, among others (del Castillo et al., 2019; Kovalcik et al., 2018). 
Nevertheless, these approaches may actually be an inefficient way to use this biomass 
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waste. Considering the chemical composition of SCGs and its related potential health-
promoting properties, it might be interesting to maintain the use of SCGs within the food 
industry sector. Therefore, SCGs have been proposed for their use as dietary fiber in 
bakery products such as bread, cookies and breakfast cereals, among others, giving rise 
to healthy and sustainable novel products (Martinez-Saez et al., 2017; Vázquez-Sánchez 
et al., 2018). The second main component of this coffee byproduct is fat and its 
bioaccesibility and in vivo effect might be modulated by the dietary fiber composing 
SCGs. Consequently, the aim of the present study was to determine the in vitro 
bioaccessibility of lipids and diterpenes (cafestol and kahweol), their impact on liver 
lipid biomarkers and their excretion in feces for the validation of SCGs as a safe, healthy 
and sustainable food ingredient with dietary fiber effect possessing high fat holding 
capacity.  
2. Materials and methods 
2.1. SCGs samples 
Raw SCGs Robusta species from industrial soluble coffee production were provided by 
Prosol S.A (Palencia, Spain). SCGs were thermally stabilized by drying in an oven 
(Memmert, UM 500, Büchenbach, Germany) at 40 ºC for 9 hours until constant weight 
was achieved.  
2.2. Safety of SCGs 
2.2.1. Mycotoxins 
Aflatoxin B1, enniantin B, and ochratoxin A (OTA) were analyzed by high-performance 
liquid chromatography–quadrupole-time of flight mass spectrometry (HPLC-QToF-
MS)  formed by a HPLC 1260 Infinity system (Agilent, Waldbronn, Germany) coupled 
to a 6545 QToF mass spectrometry detector (Agilent, Singapore) following the 
procedure described by Iriondo-DeHond et al. (2019).  
2.2.2. Acute toxicity study 
The acute toxicity study was performed following the directions of the OECD 
(Organization for Economic Co-operation and Development) Test Guidelines 425 (Up 
and Down Procedure). Healthy 8 weeks old nulliparous and nonpregnant female Wistar 
rats (Rattus norvegicus albinus), weighing 180.52 ± 6.42 g at the start of the experiment, 
were purchased from Charles River (Sant Cugat del Vallés, Spain). This study was 
approved by the Institutional Animal Ethics Committee (Reg. No. PROEX 011/17) of 
Community of Madrid, Spain. The animals were kept in a room with a controlled 
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temperature of 22 °C ± 1 °C in 12 h light-dark cycle and were housed in cages with free 
access to standard food (A04 Safe Diets, Augy, France) and water ad libitum. Limit test 
of SCGs dissolved in corn oil was performed at 2000 mg/kg b.w. by gavage as a single 
dose to one rat. As a control, one rat was dosed with corn oil. For the first 30 min to 4 h, 
rats were closely observed. If the treated rat survived, 4 additional rats per group were 
administered SCGs or corn oil under the same conditions. Twenty-four hours after SCGs 
or corn oil administration and every day for 14 days, body weight changes, signs of 
toxicity, behavior and mortality were observed. The last day of the study, rats were 
sacrificed in a gas chamber by exposure to excess carbon dioxide (CO2). 
Histopathological examination was carried out in collected organs (heart, lungs, liver, 
kidneys, spleen, adrenal glands, sex organs and brain).  
2.3. Fat, fatty acid profile and diterpenes in SCGs 
Total fat content was quantified by Soxhlet extraction with petroleum ether following 
the procedure described by the AOAC Official Method 945.16. Results were expressed 
as % dry matter. 
The fatty acid profile was obtained by gas chromatography (Agilent 7820A GC System 
equipped with Flame Ionization Detector, Waldbronn, Germany) analyses, calculated 
according to the ISO 12966-2:2017. 
Diterpenes (cafestol and kahweol) were quantified using high liquid chromatography 
(Agilent 1200, Waldbronn, Germany) coupled to a quadruple triple mass spectrometer 
(Agilent G6410B, Waldbronn, Germany) (HPLC -QqQ). A Zorbax Eclipse XDB C18 
993967-902 Agilent 150 mm x 5 μm x 4.6 mm column was used (Santa Clara, CA, 
USA). Two mobile phases, water and methanol in a 70% gradient, were used with a flow 
of 1ml/min. An atmospheric-pressure chemical ionization source (APCI) of positive 
polarity was used. 
Samples were prepared by saponification of the dried fat with a mixture of 11.5 % KOH 
in ethanol water 55:45 v/v at 80 °C for 15 minutes. The unsaponifiable fraction was 
extracted with 1 ml of hexane. Aliquots of 0.5 ml of the solution were evaporated and 
resuspended in 1ml of methanol (sample diluted 1:2). For quantification, pure cafestol 
and kahweol standards (Cayman Chemical Company, Ann Arbor, MI, USA) were used. 
Each sample was prepared in duplicate and the standards were prepared following the 
same procedure carried out for the samples. Data were processed in the control software 
Masshunter Data Acquisition B.04.01 and Masshunter Qualitative Analysis B.07.00 
(Waldbronn, Germany). 
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2.4. Bioaccesibility of lipids and diterpenes in SCGs 
To study the effect of digestion on SCGs, an in vitro oral gastrointestinal digestion was 
carried out. SCGs were digested following the procedure described by Hollebeeck et al. 
(2013), with some modifications. Salivary, gastric and duodenal stages were performed 
in the same tube covered with aluminum foil. Approximately 1.2 g of SCGs were 
weighed. Conditions for each stage were: salivary stage (pH 6.9, 5 min, 3.9 U a-
amylase/ml, aerobic), gastric stage (pH 2, 90 min, 71.2 U pepsin/ml, aerobic), and abiotic 
duodenal stage (pH 7, 150 min, 9.2 mg pancreatin and 55.2 mg bile extract/ml, aerobic). 
Obtained digests were centrifuged and separated in supernatant and precipitate. The 
content of fat and diterpenes was determined in the precipitate (non-digestible fraction 
also called colonic fraction) and in the supernatant following the procedure described in 
section 2.2. To simulate human intestinal reabsorption of bile salts, the soluble fraction 
was treated with cholestyramine resin (10% w/v) for 1 h at room temperature (Edwards 
& Slater, 2009). The resin was removed by centrifugation and gravimetric filtration. 
2.5. Pilot repeated dose animal study  
Male Wistar rats (average weight, 304 ± 15 g) were obtained from the Veterinary Unit 
at Universidad Rey Juan Carlos (URJC) (Alcorcón, Madrid, Spain) (n = 10). Animals 
were group-housed (2 – 4 rats/cage) in standard transparent cages (60 cm × 40 cm × 20 
cm), under environmentally controlled conditions (20 °C and 60 % humidity), with a 12-
hour light-dark cycle. Rats had free access to standard laboratory rat food (Harlan 
Laboratories Inc., Barcelona, Spain) and water. The study was approved by the 
Institutional Animal Ethics Committee (Reg. No. PROEX 059/18) of Community of 
Madrid, Spain. Rats were divided in two groups, controls (n = 6) and treated with SCGs 
(n = 4). Animals received SCGs (1 g/kg) or vehicle (Tween 80 in H2O, 1.8 ml/kg) by 
gavage once a day from Monday to Friday for 4 consecutive weeks. A fresh SCGs 
solution was daily prepared. Throughout the 4 weeks, general parameters were regularly 
evaluated (body weight, water and food intake, and appearance of animals). At the end 
of the study, feces were collected for the excretion study and animals were guillotined 
under anesthesia with sodium pentobarbital (2 ml/kg). Internal organs were obtained for 
histopathological examination for safety and metabolism evaluation. 
2.5.1. Metabolism study 
2.5.1.1. Determination of fat and cholesterol in rat livers  
Livers from control and treated rats from the pilot animal study were collected for their 
analysis. Liver fat was extracted by the method described by Aguilera et al. (2005). 
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Frozen rat liver samples were thawed in refrigeration to a soft consistency. Two hundred 
milligrams of tissue were weighed in a 15 ml plastic test tube, 250 μl of distilled water 
were added and the mixture was homogenized with an Ultra-Turrax (IKA, Staufen, 
Germany). Total fat was extracted with 1.5 ml of HCl (0.01 M), 0.1 ml of 1% MgCl2 
and 5 ml of hexane:isopropanol (3:2). Samples were mixed for one minute and 
centrifuged at 5000 rpm for 10 minutes. The liquid phase was separated to another tube 
and centrifuged once more at 10.000 rpm for 10 minutes. Then, the supernatant obtained 
was separated and concentrated in a SpeedVac Vacuum Concentrator (Thermofisher, 
Asheville, USA) to remove solvents for 12 hours at low temperature and under vacuum. 
Total fat content of livers was calculated gravimetrically. Samples from each rat liver 
were prepared by duplicate. 
For cholesterol determination, fat from liver was dissolved in 1 ml of PBS with 50 μg of 
BHT/ml PBS and then, 2 ml of Triton X-110 were added. Cholesterol determination was 
performed spectrophotometrically using a commercial kit (Spinreact, Girona, Spain). 
Results were expressed in mg/dl. 
2.5.1.2. Histopathological examination 
Samples form the gastroinstestinal tract and liver samples were fixed in buffered 
formalin 10% (Panreac©, Barcelona, Spain, stabilized with methanol at pH 7) for 24 h 
at room temperature. Then, they were embedded in paraffin (Casa Alvarez, Madrid, 
Spain) using an automatic tissue processor (ASP300, Leica®, Wetzlar, Germany). 
Blocks were built in a block forming unit (Leica© EG1140H and Leica© EG1130, 
Wetzlar, Germany) and 4-micron thick sections were obtained (Leica© RM 2155, 
Wetzlar, Germany). Sections were deparaffinized in xylene, hydrated in alcohol and 
water and stained with hematoxylin and eosin (Leica© SP4040, Wetzlar, Germany). 
Then, sections were dehydrated through an ascending series of alcohols, cleared in 
xylene and finally, mounted with DPX (Nustain©, Nottingham, UK). Samples were 
studied qualitatively in 4 slices per animal under a Zeiss Axioskop 2 microscope 
equipped with the image analysis software package AxioVision 4.6 (Zeiss, Oberkochen, 
Germany). 
2.5.2. Lipid and diterpenes excretion 
Number, weight, dry weight, fat and diterpenes were determined in feces of control and 
treated rats collected at the end of the study following the methodology described in the 
section 2.3 of the present manuscript.   
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2.5.3. Dietary fiber effect study (gastrointestinal motility) 
The evaluation of the gastrointestinal motility was performed on the 1st, 14th and 28th 
day of the study, by radiographic, non-invasive, in vivo methods, routinely used by the 
Pharmacology laboratory of the URJC (Abalo et al., 2009; Cabezos et al., 2008). 
Animals were fasted overnight and SCGs at 1 g/kg were given by gavage. Thirty minutes 
after SCGs administration, barium contrast (a mixture of 80% barium, 5% arabic gum, 
1.6% sorbitol, 0.6% citric acid and 0.8% citrate (w/v) in distilled water) was 
administered at 3 ml/rat, and radiographs (20 ms/shot, w/o anaesthesia) were taken 0, 1, 
2, 3, 4, 6, 8 and 24h (T0 – T24) with a CS2100 (Carestream Dental, Spain) digital X-ray 
apparatus (60 kV, 7 mA), recorded on Carestream Dental T-MAT G/RA film (15 x 30 
cm) housed in a cassette provided with regular intensifying screen and developed using 
an automatic processor (Kodak X-OMAT 2000, Rochester, NY, USA). For the analysis 
of the radiographs, after their digitalization, a semiquantitative scale was applied to each 
gastrointestinal region (stomach, small intestine, caecum and colorectal region) of each 
rat, and at each time-point, scores between 0 and 12 were obtained and represented in 
the corresponding motility curves (Cabezos et al., 2008).  
2.6. Statistical analysis 
Data were expressed as the mean ± standard deviation (SD) (in vitro studies) or standard 
error (SE) (in vivo studies). A one- or two-way analysis of variance (ANOVA) followed 
by Tukey’s or Bonferroni’s test (gastrointestinal motility analysis) for mean 
comparisons was used to highlight the significant differences among samples. Student T 
test was performed to compare means between two groups. Values of p < 0.05 (in vitro 
studies) and p < 0.1 (in vivo studies) were considered statistically significant. Statistical 
analyses were performed using SPSS Statistics 24 (IBM, Armonk, NY, USA) and 
GraphPad Prism program version 5.01 (GraphPad software, San Diego, CA, USA, for 
the gastrointestinal motility analysis).  
3. Results and discussion 
3.1. Safety of SCGs 
Coffee is susceptible to contamination by mycotoxins, toxic compounds that result from 
fungal secondary metabolism under certain conditions, which cause different 
toxicological effects in humans (Afsah-Hejri et al., 2013). Studies carried out by Garcia-
Moraleja et al. (2015) indicate that aflatoxin B1, enniantin B and OTA are the most 
frequent mycotoxins present in coffee beverages. Neither aflatoxin B1 nor enniantin B 
were detected but OTA levels in SCGs were 2.31 ± 0.07 µg/kg. Commission Regulation 
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(EC) No 123/2005 defined OTA limits as 5 μg/kg for roasted coffee and 10 μg/kg for 
soluble coffee (European Commission, 2005). Values of OTA obtained for instant 
Robusta SCGs used in this study were below the limit stablished by the European 
legislation.  
Considering that OTA causes major health risks such as hepatotoxicity (Kőszegi & Poór, 
2016), an acute toxicity study in rats was carried out. Single oral administration of the 
SCGs at a dose of 2000 mg/kg b.w. resulted in no visible signs of toxicity, abnormal 
behavior or mortality. Organ weights are shown in Table 1 and no significant differences 
(p > 0.05) were found among groups. Intake of an acute dose of SCGs (2000 mg/ kg 
b.w.) did not cause significant changes in histological parameters of vital organs (data 
not shown). To the best of our knowledge, mycotoxins and acute toxicity have been 
analyzed in this coffee byproduct for the first time. 
Table 1. Organ weights in female rats included in the control group and in the group exposed to 
the limit dose of 2000 mg/kg b.w.  
Organs Control Treatment 
Heart 1.02 ± 0.23 a 0.90 ± 0.07 a 
Lungs 1.90 ± 0.25 a 1.56 ± 0.23 a 
Liver 9.72 ± 1.21 a 9.94 ± 1.25 a 
Kidneys 2.08 ± 0.11 a 2.00 ± 0.19 a 
Spleen 0.62 ± 0.15 a 0.60 ± 0.10 a 
Thymus 0.66 ± 0.15 a 0.58 ± 0.13 a 
Adrenal glands 0.16 ± 0.09 a 0.18 ±0.08 a 
Uterus 1.52 ± 0.67 a 1.36 ± 0.18 a 
Brain 1.80 ± 0.18 a 1.70 ± 0.20 a 
Values represent means ± SD (n = 5). Different letters indicate significant differences (T test, p 
< 0.05).  
3.2. In vitro bioaccesibility of lipids and diterpens composing SCGs 
Total fat content and the fatty acid profile of instant Robusta SCGs are shown in Table 
2. Fat content of SCGs was 21.79 %, which is in accordance with that previously 
described by other authors for SCGs from soluble coffee (Martinez-Saez et al., 2017; 
Pujol et al., 2013). Palmitic (62.58 mg/g), stearic (14.76 mg/g), oleic (20.38 mg/g), 
linoleic (87.36 mg/g) and arachidic (6.68 mg/g) acids were found in the SCGs sample 
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being the 56 % of the total fatty acids unsaturated. The presence of higher amounts of 
polyunsaturated fatty acids (PUFA) than saturated fatty acids (SFA) in oil is recognized 
as being more positive for human health (Acevedo et al., 2013). In SCGs, PUFA were 
only represented by linoleic acid. The PUFA/SFA ratio of SCGs was 1.038. Oils with 
PUFA/SFA ratios > 1 have been reported to be less atherogenic and thrombogenic than 
those with ratio < 1 due to the potential favorable reduction of serum cholesterol and 
atherosclerosis and prevention of heart diseases (Campos-Vega et al., 2015).  
With regard to diterpene content, cafestol and kahweol levels in SCGs were 3.09 mg/g 
and 64.15 µg/g, respectively. Amounts of cafestol in SCGs are in line with values 
obtained by Acevedo et al. (2013) but kahweol levels were lower (1.64 mg/g). However, 
kahweol values obtained in this study are similar to those present in Robusta coffee beans 
(De Roos et al., 1998). In addition, differences in values between studies are possible 
since levels of diterpenes in coffee beans depend on the species and storage conditions 
as kahweol and cafestol are sensitive to acids, heat and light (Acevedo et al., 2013). 
After in vitro digestion, half of the total fat from SCGs was bioaccessible and half was 
excreted in the insoluble fraction (Table 2). It has been reported that SCGs possess high 
oil-holding capacity, which is possibly due to the presence of lignin (Ballesteros et al., 
2014). This capacity is a very desirable parameter for the functionality of a dietary fiber 
(Ballesteros et al., 2014). The 77 % of unsaturated fatty acids remained bioaccessible 
after in vitro digestion including linoleic (54.01 mg/g) and oleic acids (16.42 mg/g), as 
the most abundant, followed by the SFA palmitic acid (15.18 mg/g). With regard to 
diterpenes, low amounts of kahweol (7.09 µg/g) and cafestol (414.39 μg/g) were 
bioaccessible (Table 2). Knowledge about the absorption and metabolism of coffee 
diterpenes is limited. However, data obtained from animal studies treated with 3H-
labeled cafestol have shown that cafestol is efficiently absorbed and partially 
metabolized by the gut, further metabolized by the liver, and then excreted into the bile 
(Van Cruchten et al., 2010). It is known that cafestol is a cholesterol-raising compound 
in coffee beans that can directly regulate expression of genes involved in cholesterol 
metabolism (Ricketts et al., 2007). A very recent randomized crossover clinical trial has 
reported that unfiltered coffee consumption increased concentrations of serum lipids and 
total cholesterol levels in a healthy adult population, possibly due to cafestol (Eren & 
Besler, 2019). According to these results, most of the unhealthy lipid compounds 
forming instant SCGs may be bound to the dietary fiber and excreted in feces.  
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Table 2. Total fat (%), fatty acid profile (mg/g sample and % of total) and diterpenes (μg/g 
sample) of spent coffee grounds (SCGs) and their bioaccessible and excreted fraction obtained 
after in vitro oral-gastrointestinal digestion. 
Analysis SCGs 
 Bioaccessible 
fraction 
 Fiber 
fraction 
 
Total fat (%) 21.79 ± 0.23 b  11.87 ± 1.66 a  14.21 ± 0.82 a  
Fatty acid (mg/g) (%) (mg/g) (%) (mg/g) (%) 
C14:0 0.21 ± 0.01 c 0.11 0.12 ± 0.01 a 0.13 0.19 ± 0.01 b 0.17 
C15:0 0.09 ± 0.00 b 0.05 0.06 ± 0.00 a 0.06 0.11 ± 0.01 c 0.10 
C16:0 62.58 ± 2.38 c 31.58 15.18 ± 0.94 a 15.59 41.56 ± 0.74 b 37.87 
C16:1n7 0.14 ± 0.01 a 0.07 0.39 ± 0.03 c 0.40 0.21 ± 0.01 b 0.19 
C17:0 0.17 ± 0.01 b 0.09 0.11 ± 0.01 a 0.11 0.28 ± 0.01 c 0.26 
C18:0 14.76 ± 0.56 b 7.45 3.67 ± 0.30 a 3.77 11.67 ± 0.16 c 10.64 
C18:1n7c 0.77 ± 0.03 b 0.39 0.88 ± 0.06 c 0.90 0.54 ± 0.03 a 0.50 
C18:1n9c 20.38 ± 0.84 c 10.28 16.42 ± 1.23 b 16.84 10.62 ± 0.43 a 9.67 
C18:2n6c 87.36 ± 3.73 c 44.07 54.01 ± 4.82 b 55.34 36.85 ± 0.99 a 33.57 
C18:3n3 1.75 ± 0.09 c 0.88 1.03 ± 0.09 b 1.05 0.76 ± 0.03 a 0.69 
C18:3n6 n.d. 0.00 0.08 ± 0.01 b 0.08 0.04 ± 0.01 a 0.04 
C20:0 6.68 ± 0.26 c 3.37 1.23 ± 0.10 a 1.26 3.90 ± 0.07 b 3.55 
C20:1n9 0.83 ± 0.04 c 0.42 0.44 ± 0.03 b 0.45 0.32 ± 0.01 a 0.30 
C20:2n6 0.12 ± 0.01 b 0.06 0.17 ± 0.01 c 0.17 0.09 ± 0.01 a 0.08 
C20:3n6 0.21 ± 0.01 c 0.10 0.04 ± 0.00 a 0.04 0.13 ± 0.00 b 0.12 
C20:4n6 n.d. 0.00 2.59 ± 0.37 b 2.65 0.99 ± 0.10 a 0.90 
C20:5n3 0.14 ± 0.01 c 0.07 0.11 ± 0.01 b 0.11 0.06 ± 0.01 a 0.05 
C21:0 n.d. 0.00 0.10 ± 0.01 b 0.10 0.05 ± 0.01 a 0.04 
C22:0 0.96 ± 0.03 c 0.49 0.20 ± 0.02 a 0.21 0.59 ± 0.01 b 0.54 
C22:1n9 0.21 ± 0.01 b 0.11 0.10 ± 0.01 a 0.11 0.10 ± 0.01 a 0.09 
C22:4n6 n.d. 0.00 0.11 ± 0.02 b 0.11 0.05 ± 0.00 a 0.04 
C22:5n3 n.d. 0.00 0.20 ± 0.03 b 0.21 0.10 ± 0.01 a 0.09 
C22:6n3 n.d. 0.00 0.10 ± 0.01 b 0.10 0.04 ± 0.01 a 0.04 
C23:0 0.25 ± 0.00 c 0.13 0.06 ± 0.01 a 0.07 0.17 ± 0.01 b 0.15 
C24:0 0.58 ± 0.02 c 0.29 0.13 ± 0.02 a 0.13 0.35 ± 0.00 b 0.32 
SFA (%) 43.54 ± 0.11 c - 21.43 ± 0.75 a  53.64 ± 0.49 b  
MUFA (%) 11.27 ± 0.01 b - 18.70 ± 0.22 c  10.74 ± 0.21 a  
PUFA (%) 45.19 ± 0.11 b - 59.87 ± 0.97 c  35.62 ± 0.29 a  
Diterpenes 
(µg/g) 
    
 
 
Cafestol 
3095.39 ± 
518.81 b 
 414.39 ± 25.80 a  1029.90 ± 
55.51 a 
 
Kahweol 64.19 ± 9.35 b  7.09 ± 1.68 a  22.50 ± 0.34 a  
N.d., non-detected; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, 
polyunsaturated fatty acids. Results are expressed as mean ± SD. Different letters indicate 
significant differences (Tuckey test, p < 0.05).  
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3.3. In vivo metabolism and excretion of lipids composing SCGs 
No adverse clinical signs (changes in body weight, food and water intake, hydration and 
animal behavior) or mortality were observed in animals treated with SCGs (1 g/kg b.w.) 
for 28 days. Altogether, the results obtained in the study seem to indicate that the 
administration of SCGs at 1 g/kg b.w. for 4 weeks was not noxious to the animals. During 
the pilot study, changes in body weight and food and water intakes were comparable in 
both groups throughout the experiment (p > 0.05). The mean weight of control and 
treated animals at the beginning of the study was 312 ± 17 g and 298 ± 9 g, respectively. 
Throughout the four weeks of the pilot study, there was an increase in weight in both 
groups, without showing significant differences in this parameter (p > 0.05) due to the 
intake of SCGs. Food and water intake of the control group was 23 ± 4 g/day/rat and 34 
± 9 ml/day/rat, and that of the treated group was 20 ± 3 g/day/rat and 30 ± 8 ml/day/rat. 
No statistically significant differences were observed between groups (p > 0.05). 
At the end of the study, vital organs were weighed and no significant changes were 
observed between control and treated rats (p > 0.05). In addition, organs were subjected 
to histopathological examination and no significant damage was observed in their 
architecture.  
The liver is a major organ for the synthesis, metabolism, storage and distribution of lipids 
and it plays an essential role in regulating energy metabolism (Tirosh, 2018). Thus, liver 
from treated and control rats was analyzed after the pilot study. Treatment of animals 
with instant SCGs for 28 days did not cause significant differences (p > 0.1) in liver 
weight (Figure 1A). On the contrary, fat content in treated rats was significantly lower 
than that for control rats (p < 0.1) although no lipid droplets or histological damage was 
observed in the liver (Figure 1D) and cholesterol levels between control rats and those 
treated with SCGs did not differ significantly (p > 0.1) (Figure 1C). 
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Figure 1. (A) Tissue mass (g/g BW), (B) fat content (mg/g liver) and (C) cholesterol content 
(mg/dL) of livers from control and treated animals. Data expressed as means ± SE. Different 
letters indicate significant differences between groups (T test, p < 0.1). Hematoxilin-eosin 
staining of formalin-fixed samples of the liver of a control rat (D) and a rat treated with SCGs 
(E). Samples were obtained on the 29th day. Bar 200 µm. 
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Nonalcoholic fatty liver disease is related to obesity and metabolic syndrome and it is 
characterized by excess of fat deposition in the liver, which leads to an increased risk of 
type 2 diabetes mellitus, hyperlipidemia and insulin resistance (Tirosh, 2018). No 
previous studies have reported the effect of SCGs on liver health, but there is increasing 
evidence regarding the protective effects of coffee consumption in the development of 
liver disease due to hepatitis B and C, nonalcoholic fatty liver disease and alcoholic liver 
disease (Nieber, 2017). The main responsible compounds proposed for the 
hepatoprotective effects of coffee are caffeine, phenolic compounds and melanoidins. 
These compounds are responsible for the antioxidant effects at the hepatic level that 
prevent free radical tissue damage by reducing reactive oxygen species, which play a 
central part in the inflammation processes characterizing nonalcoholic fatty liver disease 
and other liver diseases (Grosso et al., 2017). Since these compounds are also present in 
SCGs (Martinez-Saez et al., 2017), this byproduct may be a good candidate for the 
treatment of metabolic syndrome. Further studies, using specific models, are needed to 
confirm its capacity to prevent hepatic steatosis.  
Figure 2 shows weight, number and fat content of feces collected the 28th day of the 
study of control and treated rats. Wet and dry weight and number of feces were 
significantly increased (p < 0.1) in rats treated with SCGs when compared to the control 
group. In addition, feces of rats treated with SCGs showed a significant higher fat content 
(p < 0.1) than feces of the control group, suggesting higher excretion of fat. These results 
are in accordance with that obtained in the in vitro oral gastrointestinal digestion assays 
(Table 2), which also showed a tendency of higher fat excretion. In contrast, no cafestol 
or kahweol were detected in feces.  
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Figure 2. Weight (A), dry weight (B), number (C) and fat content (D) in feces collected the 28 th 
day of the study during the last X-ray session. Data represent the means ± SE. Asterisks indicate 
significant differences between groups at each hour (T test, p < 0.1). In the analysis of fat content 
of feces, different letters denote significant differences (T test, p < 0.1). 
3.4. Gastrointestinal motility 
Tissue samples of organs from the gastrointestinal tract of treated rats are shown in 
Figure 3. As can be observed, the different gastrointestinal regions showed normal 
morphology suggesting no significant damage caused by the repeated intake of SCGs (1 
g/ kg b.w.) during 28 days.  
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Figure 3. Histological staining showing stomach, small intestine, proximal and distal colon 
architecture (hematoxilin-eosin staining of formalin-fixed samples) from control rats and rats 
treated with SCGs. Samples were obtained on the 29th day. Bar 200 µm. 
The fiber effect of SCGs was studied using radiographic analyses performed on the 1st, 
14th and 28th day of the study. Results of the radiographic study carried out on the 1st day 
of the study are shown in Figure 4. Control rats showed normal motor function in all 
gastrointestinal regions and radiographic sessions. SCGs did not significantly alter the 
normal progressive gastric emptying in any of the X-ray sessions compared to the control 
group (p > 0.05). In contrast, SCGs significantly accelerated (p < 0.05) intestinal transit 
during the first X-ray session. Results of the semiquantitative analysis of the small 
intestine showed a filling phase (0 – 1 h), a plateau (1 – 3 h), and a progressive emptying 
phase (3 – 8 h) in the control group (Figure 4B). However, animals treated with SCGs 
showed a filling maximum at 2 hours that was significantly higher than that of control 
rats (p < 0.005). With regard to the caecum, significant differences were observed (p < 
0.001), since it took 4 hours for the caecum of the control animals to be completely filled, 
whereas that of the treated animals was already filled in 2 hours (Figure 4B). 
Considering the colorectum curve, the control group began to form fecal pellets 4 hours 
after barium administration and reached the maximum score at 8 hours of the 
radiographic session. However, SCGs significantly accelerated fecal pellet formation at 
3 and 4 hours after contrast administration (p < 0.001 and p < 0.05, respectively). 
On the contrary, on X-rays taken on the 14th and 28th day of treatment, intestinal motor 
function overlapped with that of controls (Figures 4C and 4D). This suggests that, upon 
chronic treatment, tolerance may develop to the intestinal stimulating effect of SCGs 
(Muller-Lissner et al., 2005). Importantly, no sign of impaired motility was found in any 
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animal. To the best of our knowledge, no previous studies have reported the effect of 
SCGs on intestinal motility.  
 
 
Figure 4. (A) Radiological images of X-rays taken on the 1st day of treatment of control and rats 
treated with SCGs taken immediately and 1, 2, 3, 4, 6, 8 and 24 h after barium administration. 
Scale bar = 3 cm. Radiological analysis of X-rays taken on the 1st (B), 14th (C) and 28th (D) day 
of treatment according to Cabezos et al. (2008). Data represent the mean ± SE. * (p < 0.05), ** 
(p < 0.005), *** (p < 0.001) (two-way ANOVA followed by Bonferroni test).   
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Data hereby reported support the dietary fiber effect of SCGs and their potential for 
modulating lipid metabolism which may be associated to their fat holding capacity. 
Other gastrointestinal health-promoting properties have been attributed to SCGs. Lopez-
Barrera et al. (2016) reported that SCGs can be fermented by colon microbiota producing 
short chain fatty acids (SCFAs) with anti-inflammatory properties. SCFAs generated 
after fermentation of SCGs had the ability to suppress NO production and inhibited 
inflammatory mediators (cytokines IL-10, CCL-17, CXCL9, IL-1b and IL-5) in murine 
macrophage cells (Campos-Vega et al., 2015; López-Barrera et al., 2016)(R. Campos-
Vega et al., 2015)(R. Campos-Vega et al., 2015)(R. Campos-Vega et al., 2015)(R. 
Campos-Vega et al., 2015)(R. Campos-Vega et al., 2015)(R. Campos-Vega et al., 
2015)(R. Campos-Vega et al., 2015)(R. Campos-Vega et al., 2015)(R. Campos-Vega et 
al., 2015)(R. Campos-Vega et al., 2015)(R. Campos-Vega et al., 2015). The in vivo 
effects of SCFAs on colonic motility have been controversial. However, it has been 
shown that luminal administration of SCFAs (10 - 200 mM) stimulates colonic motility 
(Fukumoto et al., 2003). Lopez-Barrera et al. (2016) reported the generation of SCFAs 
in concentrations higher than 10 mM during colonic fermentation of SCGs from medium 
and dark roasted coffee beans. Results obtained in the present research regarding 
gastrointestinal motility might be influenced by SCFAs released during SCGs 
fermentation.  
4. Conclusions 
Acute and repeated treatments of Wistar rats with SCGs were not noxious to the animals. 
Most of the SFA and diterpenes forming instant SCGs were not bioaccesible after in 
vitro digestion. Results seem to indicate that they may be bound to the SCGs dietary 
fiber and excreted in feces reducing fat accumulation in liver. These results suggest that 
SCGs might be used as a sustainable, safe and healthy food ingredient for preventing 
hepatic steatosis and treating metabolic syndrome. Further studies in humans should be 
conducted to confirm this hypothesis.  
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CHAPTER 4  
 
This chapter gives preliminary data on the chemical characterization and assesses the 
health promoting properties of isolated biomolecules from coffee beans by-products 
(melanoidins): 
- In Study 5, the high molecular weight fraction was isolated from CSE and SCGs 
by ultrafiltration, and their chemical composition and antioxidant properties on 
healthy human colon cells were evaluated.  
- In Study 6, the structural and functional properties and the bioactivity of 
melanoidins from CSE were studied in vivo.   
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Study 5: Antioxidant properties of high molecular weight 
compounds from coffee roasting and brewing byproducts 
 
Results from this chapter have been published in: 
Iriondo-DeHond, A., Ramírez, B., & Escobar, F. V. (2019). Bioactive Compounds in 
Health and Disease, 2(3), 48–63. Available at: https://doi.org/10.31989/bchd.v2i3.588 
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Abstract 
Coffee is one of the main sources of dietary melanoidins. Coffee melanoidins have 
antioxidant properties and are associated with protective effects against oxidative 
damage. The aim of this research was to study the potential of melanoidins obtained 
from coffee byproducts as functional ingredients to improve gastrointestinal health using 
normal human colon cells. Melanoidins were extracted from two coffee byproducts: 
coffee silverskin (CS) and spent coffee grounds (SCGs). Extraction was carried out by 
ultrafiltration using a 10 kDa molecular cut membrane. Safety of raw materials and 
isolated fractions was studied by microbiological analysis and determination of 
acrylamide, respectively. Characterization of coffee isolates was assessed by UV-Vis 
absorption spectroscopy, infrared spectroscopy, and determination of browning and 
protein content. The antioxidant capacity was measured by ABTS and formation of 
intracellular ROS in human intestinal cells (CCD18 cell line). The high molecular weight 
(HMW) enriched fraction showed antioxidant capacity and protected intestinal cells 
against induced oxidative stress. Coffee byproducts obtained after the roasting process 
are a sustainable source of melanoidins that may act as antioxidants and therefore, may 
have the potential to be used as a functional novel ingredient for the prevention of 
gastrointestinal diseases caused by oxidative stress.  
Keywords: coffee byproducts, melanoidins, gastrointestinal health, sustainable health
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1. Introduction 
The main sources of dietary melanoidins are coffee and bakery products. Melanoidins 
are one of the major components of coffee beverages, representing up to the 25 % of dry 
matter (Belitz et al., 2009). Global dietary intake of melanoidins from coffee ranges from 
approximately 5 to 40 mg/kg/day (Fogliano & Morales, 2011). Melanoidins comprehend 
high molecular weight nitrogen-containing compounds that are formed during the 
roasting process. Here, the green coffee beans experience substantial chemical and 
structural changes. At a molecular level and as a product of the last stage of the Maillard 
reaction, polysaccharides, proteins and phenolic compounds are thermochemically 
transformed into melanoidins (Moreira et al., 2012). 
Within the whole coffee fruit value chain, 90 % is discarded as an agricultural waste or 
byproduct (Iriondo-DeHond et al., 2019). Coffee silverskin (CS) and spent coffee 
grounds (SCGs) are main coffee industry residues (Esquivel & Jiménez, 2012; Mussatto 
et al., 2011). Since these byproducts are generated after the roasting process of coffee 
beans, they may be considered an important sustainable source of melanoidins (Mesías 
& Delgado-Andrade, 2017).  
Although the chemical structure of melanoidins is widely unknown, many health-
promoting properties have been associated to these compounds, such as antioxidant, 
antimicrobial, anti-inflammatory, antihypertensive or prebiotic activity (Mesías & 
Delgado-Andrade, 2017). The most antioxidant melanoidins are those obtained from 
coffee when compared to other thermally processed foods such as chocolate, sweet wine, 
balsamic vinegar, beer, bread, breakfast cereals and biscuits (Pastoriza & Rufián-
Henares, 2014). The antioxidant capacity of coffee melanoidins has been associated with 
protective effects against oxidative damage. Studies have shown that the high molecular 
weight (HMW) fraction of coffee brews subjected to in vitro fermentation for 24 h with 
human fecal bacteria possessed antioxidant activity (Reichardt et al., 2009). Therefore, 
roasted coffee could be considered as a major source of dietary antioxidants that provide 
protection to the intestine during a normal gastrointestinal transit time against radical 
stress in colon.  
Considering the vast amount of waste production in current market schemes, it is of great 
interest to consider coffee byproducts, CS and SCGs as a sustainable source of 
melanoidins. The aim of the present study was to obtain antioxidant HMW fractions 
enriched in melanoidins from coffee byproducts implementing a simple, environmental-
friendly and sustainable process. Therefore, preliminary studies regarding the potential 
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effect of risk reduction of gastrointestinal pathologies associated with oxidative stress 
were carried out in human intestinal cells.  
2. Materials and methods 
2.1. Raw material 
CS from roasted Arabica coffee beans (Coffea arabica) was provided by Fortaleza S.A. 
(Spain). Coffee silverskin extract (CSE) was produced as previously described (del 
Castillo et al., 2013). Brieﬂy, 50 mg of coffee silverskin were added per water milliliter. 
This mixture was stirred for 10 minutes at 100 ºC and ﬁltered. The filtrate was freeze-
dried. Moisture content of powdered CSE was calculated according to AOAC (1999) 
and it corresponded to 6.5 %. 
SCGs from natural 50 % Arabica 50 % Robusta roasted beans from a local restaurant 
were pelletized for their storage until analysis (PelletSolucion S.L., Salamanca, Spain). 
Pelletization allowed reducing water content of SCGs. After pelletization, thermal 
stabilization of SCGs was carried out at 109 °C for 1 hour. Gravimetric measurements 
were made to constant weight.  
2.2. Microbiological analyses of raw materials  
CSE and SCGs were microbiologically analyzed to evaluate the safety of their use as 
food ingredients. Count of (1) total aerobic microorganisms, (2) aerobic microorganisms 
forming endospores and (3) molds and yeasts were carried out. All assays were 
performed in sterile conditions, including previous solubilization of 10 g of CSE or 
SCGs in BPW (90 ml) by using a stomacher (230 rpm, 1 min). Different conditions were 
set for each analysis: (1) pour plate method, PCA medium, incubation at 30 °C 72 h; (2) 
pour plate, BHI agar medium, preincubation (80 °C, 10 min) and incubation at 37 °C 48 
h; and (3) spread method, SDA with chloramphenicol and incubation at 25 °C 120 h. 
Results were expressed as colony forming units (CFU)/g. 
2.3. Extraction of melanoidins 
Prior to ultrafiltration, CSE was prepared in an aqueous solution at 2 mg/ml. Stabilized 
SCGs were suspended in water at 14 % w/v, incubated at 121 °C for 20 minutes. The 
soluble fraction was separated by centrifugation at 5,000 rpm for 12 minutes and 
subjected to gravimetric filtration. A HMW fraction enriched in melanoidins was 
obtained from CSE and SCGs by ultrafiltration using a 10 kDa Omega 76MM molecular 
cut membrane with an Amicon Stirred Ultrafiltration Cell. HMW melanoidin fractions 
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were freeze-dried and stored until analysis. The isolation process was carried out in 
triplicate. 
2.4. Melanoidin fraction characterization 
2.4.1. UV-Visible absorption spectroscopy  
UV-Vis spectrum of caramel standard and melanoidin enriched fractions (0.5 mg/ml) 
was acquired using a microplate reader (BioTek Epoch 2 Microplate Spectrophotometer, 
Winooski, VT, USA). Sulfite ammonia caramel (E-150d) was used as a melanoidin 
standard. Caramel is formed in a Maillard-type reaction where carbonyl compounds 
react with amino groups or ammonia (Sengar & Sharma, 2014). Analytical 
determination was carried out in triplicate. Absorption spectra were recorded between 
240 and 720 nm at room temperature.  
2.4.2. Infrared spectroscopy (IR) 
IR spectra of caramel, CSE, SCGs and corresponding HMW melanoidin fractions were 
recorded in a Tensor27 (Bruker) mid-infrared spectrometer equipped with a liquid 
nitrogen cooled MCT-detector, a Rocksolid™ interferometer and a Durascope™ 
diamond ATR-cell. Prior to sample IR spectrum recording (200 scans), a background 
reference was measured (400 scans). After each experiment, the diamond crystal was 
cleaned with distilled water (Millipore-quality) and ethanol (chromatographic grade). IR 
spectra were analyzed using the OPUS (Bruker) software. Base-line corrected spectra 
were plotted using the OriginLab Software (V10.X). Characteristic IR bands are 
observed within a low- (750 - 1800 cm-1) and high-frequency (2700 - 3400 cm-1) 
window. 
2.4.3. Melanoidin content 
The content of melanoidins in samples was determined according to that previously 
described (Silván et al., 2010). HMW extracts were dissolved in water (1 mg/ml) light-
absorption at 405 nm was performed using a microplate reader (BioTek Epoch 2 
Microplate Spectrophotometer, Winooski, VT, USA). Caramel (E-150d) was used as a 
melanoidin standard. Analytical determination was carried out in triplicate. Results were 
expressed in equivalent milligrams of caramel melanoidins/gram of sample.  
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2.4.4. Soluble proteins 
Bio-Rad Protein Assay based on the Bradford method was used in a micro-method 
format to determine protein concentration. Briefly, a solution of Bradford reagent (1:4, 
reagent:milli-Q water) was prepared and filtered using Whatman 4 filter. Ten µl of 
sample and 200 µl of Bradford solution were placed in a multi-well microplate. Samples 
were incubated for 5 min at room temperature, and the absorbance was measured at 595 
nm. Sample blank and reagent blank were also analyzed. A calibration curve was 
constructed using BSA (0.05 – 0.5 mg/ml). All measurements were performed in 
triplicate. Results were expressed as mg BSA/g of sample. 
2.4.5. Total antioxidant capacity 
The trapping capacity of cationic free radicals was evaluated using the method of radical 
ABTS•+ bleaching described for its use in microplate (Oki et al., 2006; Re et al., 1999). 
Aqueous solutions of chlorogenic acid (CGA) were used for calibration (0.15 – 2.0 mM). 
Absorbance was measured in microplate using a UV–Visible Spectrophotometer 
(BioTek Epoch 2 Microplate Spectrophotometer, Winooski, VT, USA). All 
measurements were performed in triplicate and results were expressed as mg CGA 
equivalents/g of sample.  
2.4.6. Acrylamide 
Content of acrylamide was determined by liquid chromatography coupled with tandem 
mass spectrometry with electrospray ionization operated in positive mode (ESI-
MS/MS). HWM fractions from CSE and SCGs were dissolved in water (50 mg/ml). 
Different concentrations of [13C3]-acrylamide (0 – 80 µg/ml) were added as internal 
standard. Samples (0.85 ml) were treated with 25 µl of each Carrez I and Carrez II 
solutions and centrifuged 11,600 rpm for 10 min at 4 °C. Supernatants were filtered 
through 0.45 µm pore diameter nylon membrane syringe filters (Análisis Vínicos, 
Ciudad Real, Spain).  A Varian 1200L, with API-ES between 10 and 1500 Da range 
mass, liquid chromatograph coupled to a Triple Quadrupole MS detector was used. 
Acrylamide was recorded using multiple reaction monitoring (MRM) mode by selecting 
ion m/z 72 [M+H]+ at the first quadrupole (Q1), fragmented in Q2, and analyzing 
resulting ion m/z  55 at Q3. The system consisted of two pumps, Varian Prostar 210 and 
an Phenomenex Aqua C18 (250 mm × 4,6 mm ID, 5 μm,) column, at a flow rate of 0.5 
ml/min. Acetonitrile containing 0.1% formic acid (solvent A) and 0.1 % formic acid in 
H2O (solvent B) as mobile phase was pumped with the following gradient: 10 – 50 % 
solvent A (0 – 10 min), 50 – 90 % solvent A (10 – 11 min), hold 5 min to recover initial 
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conditions. The injection volume was 20 μl. The limit of the quantitation was set at 20 
μg/kg. Samples and standard solutions were analyzed in triplicate. Acrylamide content 
was expressed as µg/kg dry weight. 
2.5. Cell studies 
Normal human colon fibroblasts (CCD-18 cell line) were purchased from the American 
Type Culture Collection (ATCC, Barcelona, Spain). Cells under passage 10 were 
cultured as a monolayer in Dulbecco's Modified Eagle Medium (DMEM) supplemented 
with 10 % v/v heat inactivated fetal calf serum (FBS), 50 U/ml penicillin and 50 μg/ml 
streptomycin and 1 % v/v L-glutamine. Cell cultures were incubated at 37 °C and 100 
% humidity in a 5 % CO2 atmosphere. 
2.5.1. Cytotoxicity  
In order to select the non-cytotoxic concentrations for the following intracellular reactive 
oxygen species (ROS) measurement assays, cell viability was determined by the MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Bakondi et al., 
2003). Powdered extracts were prepared in phosphate buffered saline (PBS) solution (10 
mM pH 7.4) and sterile filtered. First, CCD-18 cells were cultured at a density of 104 
cells per well of a 96-well plate for 24 h. Then, cells were treated with caramel or the 
HMW melanoidin fractions of CSE or SCGs (10 and 25 μg/ml) for 24 h. DMSO (50%) 
was used as death control. Subsequently, cells were incubated in MTT solution (0.5 
mg/ml) for 2 h at 37 ºC. The supernatant was then removed, 100 µl of DMSO were added 
and the optical density at 570 nm was measured using a microplate reader (BioTek 
Epoch 2 Microplate Spectrophotometer, Winooski, VT, USA). Experiments were 
carried out in triplicate. Results were expressed as percentage of viability compared to 
control non-treated cells. 
2.5.2. Intracellular ROS  
Intracellular ROS scavenging assay was performed by measuring the fluorescence 
intensity of the 2’,7’-dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe, which 
is proportional to the amount of ROS formed (Gomes et al., 2005). A 10 mM solution 
of DCFH-DA was prepared (5 mg in 1 ml DMSO), and a 50 µl aliquot was separated. 
Then, 750 µl of DMSO were added to the 50 µL solution. CCD-18 cells were cultured 
at a density of 104 cells per well of a 96-well plate for 24 h. After 24 hours of caramel or 
the HMW melanoidin fractions of CSE or SCGs (10 and 25 μg/ml) incubation, cells 
were pre-loaded with 2.5 µl/well of DCFH-DA for 30 minutes at 37 ºC. After incubation, 
DCFH becomes dichlorofluorescein (DCF) due to intracellular oxidants and will emit 
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fluorescence. Next, culture medium was removed; cells were washed with PBS; and 
caramel or the HMW melanoidin fractions of CSE or SCGs (10 and 25 μg/ml) were 
added for 1 hour. Tert-butylhydroperoxide (t-BOOH) 1 mM was used as an oxidation 
control and vitamin C (10 µg/ml) was used as an antioxidant control. Then, fluorescence 
was measured at 485 nm/528 nm (BioTek Synergy HT Multi-Mode Microplate Reader). 
A MTT assay was performed to normalize data by the number of cells per well. 
Experiments were carried out in triplicate. 
To analyze the preventive effect of samples under induced oxidative stress conditions, 
cells were pretreated with caramel or the HMW fractions of CSE and SCGs in FBS free 
medium for 24 hours. Then, the experiment was carried out as previously described but 
cells were treated simultaneously with samples and t-BOOH (1mM) to induce oxidative 
stress. Experiments were performed in triplicate and results were expressed as % ROS. 
2.6. Statistical analysis 
Student’s T test was carried out for the values obtained from the chemical 
characterization. One-way analysis of variance (ANOVA) was performed and statistical 
comparisons of the different treatments were performed using Tukey’s test. Values of p 
< 0.05 were considered statistically significant. All statistical analyses were performed 
using the IBM SPSS Statistics program version 23.   
3. Results and discussion 
3.1. Microbial safety of raw materials 
Food safety is mandatory in order to develop a new food ingredient. However, no 
microbiological regulations have been stablished for coffee or coffee byproducts. 
Ochratoxin A (OTA) is one of the several naturally occurring mycotoxins produced by 
molds that grow on crops or during storage. It is the only mycotoxin subjected to 
European legislation being the maximum level of 5 µg/kg (European Commission (EC) 
1881/2006). With regard to microbial safety of raw CSE, results showed values of 3.25 
× 105 CFU/g for endospores, 4.3 × 103 CFU/g of total aerobic microorganisms and a 
content of yeasts and molds lower than 102 CFU/g. Results for raw SCGs showed values 
below 102 CFU/g for endospores, 104 CFU/g of total aerobic microorganisms, content 
of yeasts lower than 107 CFU/g, and absence of molds. The absence of molds in our raw 
materials reduces the risk of OTA contamination. In addition, previous studies have 
confirmed values below 5 µg/kg for OTA (< 0.3 µg/kg), and other hazardous mycotoxins 
such as aflatoxin B1 and enniatin B in CSE (Iriondo-DeHond et al., 2019). Therefore, 
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considering microbial safety, CS and SCGs present excellent microbiological quality 
and may be safe in order to be used as a food ingredient as a source of melanoidins. 
3.2. Physico-chemical characterization of HMW fractions 
3.2.1. UV-Visible spectral analysis 
The UV-Visible spectra of caramel and the HMW fractions of CSE and SCGs in the 
wavelength regions of 200 - 500 nm are shown in Figure 1. The obtained caramel UV-
Vis absorption spectra was similar to that previously reported, in which the HMW 
caramels absorbed over the full wavelength range of 195 – 600 nm (Royle & Radcliffe, 
1999). Measurement of absorption at 280, 325, and 405 nm provides useful information 
on the relative amount of melanoidins and other compounds in coffee samples (Bekedam 
et al., 2006). In both HMW coffee byproduct fractions, two absorption maxima were 
observed at 280 nm and 325 nm, being higher in the HMW-SCGs sample. The 
absorption maximum at 280 nm in our samples has been also observed in coffee brew 
samples and it may correspond mostly to the presence of caffeine (Bekedam et al., 2006; 
Belay & Gholap, 2009). The absorption maxima at 280 nm can also be explained by the 
presence of proteins and phenolic acids. The maximum at 325 nm suggests the presence 
of chlorogenic and caffeic acid (Belay & Gholap, 2009). There is strong evidence that 
chlorogenic acid derivatives are components of coffee melanoidins (Moreira et al., 
2012). Since chlorogenic acid is a low molecular weight compound (< 10 kDa), the 
observed maximum at 325 nm might correspond to the chlorogenic acid that forms 
coffee melanoidins. This absorbance maximum may be due to a contamination of 
chlorogenic acid that is non-covalently linked to the fiber structure of melanoidins. With 
additional washing steps after ultrafiltration, such as diafiltration, this contamination 
could be eliminated. It is generally accepted that melanoidins contain conjugated 
systems, which result is light absorption throughout the whole spectrum. On the basis of 
these absorption spectra, it can be stated that absorption measurements at 280, 325, and 
405 provide useful information on the relative amounts of melanoidins and other 
compounds formed (Kang, 2016). Polysaccharides, proteins and chlorogenic acids are 
involved in coffee melanoidin formation (Moreira et al., 2012). The progress of the 
Maillard reaction involves the production of final and HMW melanoidins with a 
chromophore group that absorbs around 420 nm (Kang, 2016). Therefore, the suitable 
range for probing the presence of melanoidins can be delimited to the window between 
405 and 420 nm. Here, the absorption of other coffee compounds is rather negligible. 
Caramel and the HMW fractions obtained from coffee byproducts display a broad 
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absorption around 405 nm, which is in accordance to the characteristic brown color of 
melanoidins.  
 
Figure 1. UV-Vis spectra of caramel and the HMW fractions of CSE and SCGs at 0.5 mg/ml. 
3.2.2. Infrared spectroscopy (IR)  
IR spectroscopy has been widely implemented for the molecular characterization and 
compound determination of green and roasted coffee beans (Barbin et al., 2014). In 
addition, IR spectroscopy also provides relevant information regarding bio-compound 
extraction (Lyman et al., 2003). Here, we report one of the first IR spectra of CSE 
(Figure 2B), SCGs (Figure 2D) and corresponding HMW fractions (Figure 2C and 2E). 
The IR spectra of caramel (Figure 2A) was used as a standard reference. For the 
subsequent vibrational analysis we refer to previous publications (Iriondo-DeHond et 
al., 2019).  
Despite a similar brown coloring between caramel (Figure 2A) and the HMW 
melanoidin fractions, we observe a substantially distinct vibrational pattern. This also 
refers to the distinct band features of CSE (Figure 2D) and SGG (Figure 2E) melanoidin 
IR spectra. This suggests an overall specific content of melanoidinic precursors, while 
the macroscopic color prevails. 
With regard to CSE, we observed a broad C-O feature with a maximum at 1022 cm-1, 
with local maxima at 1044, 1072 and 1096 cm-1. In addition, we observed another 
prominent at 1601 cm-1 with a shoulder at 1645 cm-1 and two high-frequency peaks at 
1699 and 1734 cm-1. The first peaks corresponded to C=C stretching features whereas 
the latter ones corresponded to C=O stretching modes. These peaks could be assigned to 
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the presence of lignin in the sample. Additionally, we observed a broad peak at 1406 cm-
1 possibly a C-H2/CH3 flowering mode. In the high frequency region, we detected a 
poorly intense C-H stretching peaks at 2921 and 2851 cm-1 and a broad O-H stretching 
peak at 3311 cm-1. After melanoidin extraction (Figure 2C), we did not observe a 
sustainable modification of the vibrational features, thus suggesting that the chemical 
composition prevails. 
In contrast, SCGs (Figure 2D) displayed a very strong and broadband envelope with a 
maximum at 1030 cm-1 and local maxima at 1012 and 1055 cm-1, containing mainly 
contributions of C-O stretching (C-O) coordinates of esters and alcohols. A similar 
feature is observed in the IR spectra of sugars, cellulose and melanoidins. At 1646 cm-1 
and 1551 cm-1 were assigned to melanoidin-adduct modes or C=C and imidazole 
stretching modes in caffeine, respectively (in red). These are characteristic peptide bond 
vibrational features, which, despite partial overlapping with further peaks, could be 
unambiguously assigned to the protein content in coffee beans (vide infra). To higher 
frequencies, two peaks at 1698 and 1742 cm-1 were observed. While both contained C=O 
stretching coordinates (C=O), the frequency of the first one corresponded to peptide 
carbonyl C=O modes (amide-I envelope) and the latter one was assigned to the stretching 
mode of an ester or a protonated carboxylic acid. In this respect, the evidence of two C-
H stretching peaks at 2853 and 2921 cm-1 and the concomitant disappearance of these 
features upon extraction (Figure 2E) nicely correlated with the presence of a triglyceric 
fraction in SCGs, commonly known as roasted coffee oil (green features in Figure 2D). 
Further peaks at 871 and 3009 cm-1 corresponded to this component. In the HMW 
fraction of SCGs spectrum (Figure 2E), we observed that amide-I and II features as well 
as the broad peak at 1030 cm-1 remained unchanged, whereas the removal of fatty acid 
content allowed assignment to features at 1596 cm-1, containing C=C stretching 
character and the rise of less prominent and broad peaks at 1373 and 1449 cm-1 (CH3/CH2 
flowering vide infra). In the high frequency region, the broad O-H stretching feature with 
maxima at 3348 and 3289 cm-1 remained unchanged, whereas oil-removal led to the rise 
of a broad C-H stretching doublet at 2875 and 2929 cm-1. According to previous 
references, melanoidins had strong and broad O-H stretching peaks and poorly intense 
C-H features (Rubinsztain et al., 1986).  
Both HMW fractions of CSE and SCGs, as well as the CSE displayed characteristic 
melanoidin-features. In addition, the two distinct samples of each extraction (m1 and 
m2) displayed almost identical vibrational features (Figure 2C and 2E). The largest 
discrepancy was observed in the O-H stretching region. While the CSE spectrum mainly 
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displayed melanoidin-like features, the SCGs spectrum was composed of a melanoidin 
and a protein component. 
 
 
Figure 2. Infrared (IR) spectra of (A) caramel IV dye, (B) coffee silverskin (CS), (C) HMW 
fraction of coffee silverskin, (D) spent coffee grounds (SCGs) and (E) HMW fraction of spent 
coffee grounds. For each HMW fraction (C and E) two independent spectra m1 (black) and m2 
(grey) were recorded. All relevant band peaks are indicated. Protein (red) and fatty acid (green) 
contributions are also indicated. Characteristic IR regions with localized potential energy 
distribution (PED) such as C=C, C=O, C-H and O-H stretching vibration modes are indicated. 
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3.3. Chemical characterization of the HMW fractions  
Table 1 shows the chemical characterization of the HMW fractions of CSE and SCGs. 
Results showed the presence of melanoidins absorbing at 405 nm in both HMW fractions 
of coffee byproduct samples. HMW-SCGs showed significantly higher (p < 0.05) 
amount of melanoidins compared to HMW-CSE. Previous studies have reported the 
amount of melanoidins in these samples, around 4.5 g/100 g for CS and between 13 and 
25 g/100 g for SCGs (Borrelli et al., 2004; Martinez-Saez et al., 2017). Coffee 
melanoidins are diverse and they possess different physicochemical properties. The 
difference of melanoidin content in raw materials, together with the different species and 
the different nature of these two byproducts may explain the difference in melanoidin 
content in the HMW fractions obtained in this study. To the best of our knowledge, this 
is the first study that has analyzed and compared the HMW fraction of coffee byproducts. 
Table 1. Chemical characterization of HMW coffee silverskin extract (CSE) and spent coffee 
grounds (SCGs) melanoidin fractions. 
Data are expressed as the means ± standard deviation (n = 3). Values in each row with different 
letters differ significantly (T test, p < 0.05). BSA, bovine serum albumin; CGA, chlorogenic acid. 
 
Table 1 also shows the total amount of soluble proteins found in HMW-CSE and HMW-
SCGs. Previous studies have confirmed the protein-rich composition of these byproducts 
(Mussatto et al., 2011). In this study, protein content in HMW-SCGs was significantly 
higher (p < 0.05) than that observed for HMW-CSE, but values obtained were lower 
than that found for the original raw materials (Mussatto et al., 2011). These results are 
in accordance to that observed in IR spectra analysis. It is known that the roasting process 
leads to protein denaturation with degradation and that protein breakdown into small 
fragments is a major event that takes place during coffee processing (Borrelli et al.,  
2002; Moreira et al., 2012). The different protein profile of green coffee and roasted 
coffee has been analyzed by SDS-PAGE. Green coffee presented two major protein 
bands at 58 and 38 kDa. However, roasted coffee presented a defined band at ≤ 14 kDa 
Analysis HMW-CSE HMW-SCGs 
Melanoidins (mg eq. caramel/g) 215.79 ± 0.010b 345.96 ± 0.003a 
Protein (mg eq. BSA/g) 18.44 ± 1.25b 73.96 ± 3.93a 
Total antioxidant capacity (mg eq. CGA/g) 145.72 ± 10.01b 459.93 ± 11.80a 
Acrylamide (µg/kg) < 20 < 20 
Chapter 4 – Study 5 
 
213 
 
and a diffuse band at > 200 kDa. This HMW band > 200 kDa may correspond to proteins 
forming melanoidins (Nunes & Coimbra, 2001).  
The antioxidant capacity of HMW fractions of CSE and SCGs is also shown in Table 1. 
HMW-SCGs possessed significantly higher (p < 0.05) antioxidant capacity compared to 
HMW-CSE. This difference in antioxidant properties may be due to the significantly 
higher (p < 0.05) content of melanoidins in HMW-SCGs. It is known that coffee 
melanoidins (HMW fraction of coffee brews) present in vitro antioxidant capacity 
(Borrelli et al., 2002). Chlorogenic acids non-covalently linked to the melanoidin 
skeleton may be important contributors to the overall antioxidant capacity of the HMW 
fractions of coffee brews (Delgado-Andrade et al., 2005). However, melanoidin 
fractions without chlorogenic acids have also shown antioxidant capacity, suggesting 
that low molecular weight polyphenols linked to the central structure of the molecule are 
not the only contributors of melanoidin’s antioxidant capacity (Gniechwitz et al., 2008). 
Different results have been published on the effect of roasting on the antioxidant capacity 
of the melanoidin fractions isolated from coffee brews. With regard to results obtained 
from ABTS+ assay, some authors have shown higher antioxidant capacity in lighter 
degrees of roast (Borrelli et al., 2002). In contrast, other authors showed that the 
antioxidant activity of melanoidins isolated by ultra-filtration from instant coffees was 
lower in the light-roasted samples (Delgado-Andrade et al., 2005). Further research 
regarding the study of melanoidin’s structure is needed in order to better understand their 
antioxidant properties.  
The presence of Maillard reaction products derived from lysine such as Nε-
(fructosyl)lysine (FL), Nε-(carboxymethyl)lysine (CML) and Nε-(carboxyethyl)lysine 
(CEL), have been identified in the HMW fraction of coffee brews (Nunes & Coimbra, 
2007). Therefore, the content of another product from the Maillard reaction derived from 
asparagine, acrylamide, was analyzed. Human population is widely exposed to 
acrylamide. This compound has been classified as a Group 2A carcinogen (probably 
carcinogenic to humans) by the International Agency for Research on Cancer (IARC) 
due to its neurotoxic, genotoxic, carcinogenic and reproductive toxicity properties 
(European Food Safety Authority, 2015). As expected, levels < 20 μg/kg of acrylamide 
were found in HMW samples since this compound has low molecular weight (71.08 Da) 
(Table 2). Acrylamide content in samples was much lower than that established by the 
European Commission for roasted coffee (400 μg/kg) and instant coffee (850 μg/kg) 
(European Commission, 2017). The insignificant amounts found of acrylamide proved 
the food safety of our samples. Levels of 489 and 37 μg/kg of acrylamide have been 
previously found in CSE and SCGs, respectively (Iriondo-DeHond et al., 2019; 
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Martinez-Saez et al., 2017). Since acrylamide is a water-soluble compound, it is 
normally transferred to the beverage during the brewing process (Stadler & Theurillat, 
2012). This may explain the lower content of acrylamide in SCGs compared to CSE.  
3.4. Cell studies 
Previous to the evaluation of the effect of HMW fraction of coffee byproducts on 
intracellular ROS, the effect of samples on cell viability was studied. Table 2 shows the 
viability of human fibroblasts isolated from normal colon tissue (CCD-18 cells) after 24 
hours of incubation with HMW-CSE and HMW-SCGs. Concentrations of 10 and 25 
μg/ml were selected after previous preliminary studies. Caramel was again used as a 
melanoidin standard. None of the tested concentrations of HMW-CSE, HMW-SCGs and 
caramel (10 µg/ml) resulted cytotoxic for CCD-18 cells (p > 0.05). No previous studies 
have reported the effect of melanoidins from coffee byproducts in healthy human colon 
fibroblasts.  
Obtained results regarding the effect of the HMW fraction of CSE and SCGs on the 
production of intracellular ROS on CCD-18 cells is shown in Figure 3. Cells treated with 
t-BOOH (oxidation control) presented significantly higher (p < 0.05) levels of 
intracellular ROS. Vitamin C (10 µg/ml) was included as an antioxidant standard and 
significantly reduced (p < 0.05) values of intracellular ROS. Caramel and samples 
significantly reduced (p < 0.05) levels of physiological intracellular ROS compared to 
non-treated cells (100 % ROS) (Figure 3A). No significant differences (p > 0.05) in the 
reduction of physiological intracellular ROS were observed between samples. 
Once the harmless effect of the HMW fraction of coffee byproducts on cell viability and 
physiological intracellular ROS was confirmed, the potential protective effect against 
induced oxidative stress was studied (Figure 3B). A significant increase (p < 0.05) in 
ROS production was observed when cells were treated with t-BOOH 1 mM for 1 hour 
compared to non-stressed controls. Vitamin C (10 µg/ml) used as an antioxidant control 
also prevented the formation of induced intracellular ROS. Pretreatment of CCD-18 cells 
with caramel (10 µg/ml) and HMW-CSE and HMW-SCGs (10 or 25 µg/ml) for 24 hours 
prevented ROS production induced by t-BOOH, since a significant decrease (p < 0.05) 
in ROS levels was observed. Similar results regarding the absence of cytotoxicity and 
the effect of coffee melanoidins in the redox status of cells has been previously observed 
(Goya et al., 2007). However, melanoidin samples used by these authors were obtained 
from coffee brews and were studied on liver cancer cells. In this study, melanoidins were 
obtained from a sustainable source since coffee byproducts are wastes generated by the 
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coffee industry that are produced worldwide in large amounts and cause environmental 
problems.  
Table 2. Effect of 24 h treatment with noted concentrations of HMW fractions of coffee silverskin 
extract (CSE) or spent coffee grounds (SCGs) in CCD-18 cells determined by the MTT assay. 
Control, non-treated cells. DMSO (50%) was used as a death control. 
Treatment Cell viability (%) 
Control 100.0 ± 8.5 a 
Death control 6.0 ± 1.1 c 
Caramel   
10 µg/ml 99.7 ± 21.3 a 
25 µg/ml 70.9 ± 13.9 b 
HMW-CSE  
10 µg/ml 109.0 ± 20.2 a 
25 µg/ml 86.9 ± 10.7 a 
HMW-SCGs  
10 µg/ml 91.6 ± 19.2 a 
25 µg/ml 89.4 ± 18.0 a 
 
Data represent means ± SD of 3 independent experiments. Different letters denote statistically 
significant differences between treatments (Tuckey test, p < 0.05). 
 
Normal intestinal CCD-18 cells were used in this research. Although no previous studies 
have been published regarding the effect of coffee melanoidins in normal intestinal cells, 
other authors have studied melanoidins from different sources in different cell lines. For 
instance, Martín et al. (2009) have studied the effect of similar concentrations of biscuit 
melanoidins (0.5 – 10 µg/ml) in HepG2 liver cells. Authors observed a significant dose-
response effect (p < 0.05) in the reduction of physiological intracellular ROS also using 
the DCFH-DA probe (Martín et al., 2009). However, when HepG2 cells were under 
oxidative stress conditions, biscuit melanoidins < 10 kDa had no effect in the reduction 
of induced intracellular ROS. In contrast, when cells were pre-treated with intermediate 
mass biscuit melanoidins (3 – 10 kDa), a significant decrease (p < 0.05) in induced 
intracellular ROS was observed (Martín et al., 2009). When digested coffee melanoidins 
were studied also in HepG2 cells using the same approach, increased ROS generation 
induced by t-BOOH was not prevented (Goya et al., 2007). In addition, melanoidins 
from thermally treated apricots protected endothelial cells, related to the development of 
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cardiovascular diseases, from hydrogen peroxide-induced intracellular oxidation, 
mitochondrial depolarization and cell death (Cossu et al., 2012). 
 
Figure 3. Effect of treatment with noted concentrations of caramel and HMW-CSE and HMW-
SCGs on physiological (A) or induced (B) intracellular ROS in CCD-18 cells determined by the 
DCFH-DA probe. t-BOOH (1 mM) was used as oxidative damage control. Cells were pre-treated 
with samples or Vit C (10 μg/ml) for 24 h and incubated with the DCFH-DA probe for 30 minutes. 
Then, cells were treated with samples in absence (A) or presence (B) of t-BOOH 1 mM. Finally, 
fluorescence of intracellular ROS was measured, and data represent means ± SD of 4 independent 
experiments. Different letters denote statistically significant differences between all treatments 
(Tukey test, p < 0.05). 
During coffee roasting melanoidins develop a more complex structure, which 
comprehends non-covalent incorporation of low molecular weight compounds such as 
chlorogenic acids to the initial backbone constituted by carbohydrates, including dietary 
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fiber, polyphenols and proteins (Mesías & Delgado-Andrade, 2017). Therefore, 
melanoidins may be a type of “Maillardized dietary fiber” acting as dietary fiber with an 
overall antioxidant capacity leverage by embedded low molecular compounds (Silván et 
al., 2010). Results obtained in this study indicate that melanoidins extracted from CSE 
and SCGs possess in vitro antioxidant capacity and show protective effects against 
induced oxidative stress in intestinal cells. Consequently, melanoidins from coffee 
byproducts have great potential to be used as sustainable novel food ingredients to 
prevent or reduce the risk of gastrointestinal pathologies associated with oxidative stress. 
Further studies are required, especially to unveil a more accurate structural insight of 
these specific melanoidins’ type. This detailed picture will substantially contribute to a 
comprehensive understanding of their potential health-promoting implications. 
4. Conclusions 
Two extracts enriched in melanoidins were obtained from coffee silverskin and spent 
coffee grounds. Both extracts have shown antioxidant properties in vitro and in normal 
human intestinal cells. Results suggest the use of the obtained sustainable antioxidant 
melanoidins as a novel functional ingredient with potential for reducing the risk of 
gastrointestinal pathologies associated with oxidative stress. 
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Abstract 
Melanoidins present in coffee silverskin, the only by-product of the roasting process, are 
formed via the Maillard reaction. The exact structure, biological properties, and 
mechanism of action of coffee silverskin melanoidins, remain unknown. This research 
work aimed to contribute to this novel knowledge. To achieve this goal, melanoidins 
were obtained from an aqueous extract of Arabica coffee silverskin 
(WO2013004873A1) and was isolated through ultrafiltration (>10 kDa). The isolation 
protocol was optimized and the chemical composition of the high molecular weight 
fraction (>10 kDa) was evaluated, by analyzing the content of protein, caffeine, 
chlorogenic acid, and the total dietary fiber. In addition, the structural analysis was 
performed by infrared spectroscopy. Antioxidant properties were studied in vitro and the 
fiber effect was studied in vivo, in healthy male Wistar rats. Melanoidins were 
administered to animals in the drinking water at a dose of 1 g/kg. At the fourth week of 
treatment, gastrointestinal motility was evaluated through non-invasive radiographic 
means. In conclusion, the isolation process was effective in obtaining a high molecular 
weight fraction, composed mainly of dietary fiber, including melanoidins, with in vitro 
antioxidant capacity and in vivo dietary fiber effects.  
Keywords: antioxidant; coffee byproduct; dietary fiber; gastrointestinal motility; 
melanoidins; Maillard reaction; silverskin
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1. Introduction 
Melanoidins are widely distributed in foods and are part of our daily diet. These 
compounds are found in coffee, bakery products, boiled potatoes, cocoa, toasted barley, 
beer, caramel, and sweet wine. Coffee and bakery products are the most important 
sources of melanoidins. It is estimated that the daily intake of melanoidins from these 
sources is approximately between 1.5 and 6 g for the average consumer (Marta Mesías 
& Delgado-Andrade, 2017). Melanoidins are high molecular weight brown polymeric 
compounds generated during the last stage of the Maillard reaction (Marta Mesías & 
Delgado-Andrade, 2017). Melanoidins are responsible for color, taste and texture of 
foods submitted to high temperatures (Pérez-Hernández et al., 2011). There are two main 
types of melanoidin structures present in foods - melanoidins of polysaccharide type, 
such as those described in coffee brew; and protein-based melanoidins, predominant in 
bakery products (Marta Mesías & Delgado-Andrade, 2017). Extraction of melanoidins 
can be carried out by different techniques (Echavarría et al., 2012). Dialysis and 
diafiltration with membranes from the ultrafiltration scale are the most frequently used 
procedures for elimination of low molecular weight compounds and recovery of an 
enriched fraction of high molecular weight compounds such as polysaccharides, proteins 
and melanoidins (Nunes & Coimbra, 2010). The most used technique for the isolation 
of coffee melanoidins is ultrafiltration, with 10 kDa molecular weight cut-off 
membranes. Ultrafiltration presents various advantages, such as treatment of huge 
volume extracts for short time, no phase change, no solvents use, complete physical 
separation and easy industrial scaling.  
Coffee silverskin may be an important source of melanoidins. Coffee silverskin is the 
tegument of the outer layer of the coffee bean, representing approximately 4.2 % (w/w) 
of the coffee cherry and is the only byproduct produced during coffee roasting (Iriondo-
DeHond et al., 2019). The roasting of four tons of coffee produces about 30 kg of coffee 
silverskin (Alves et al., 2017). During the roasting process, melanoidins are transformed 
into a more complex structure, where low molecular weight compounds, such as 
chlorogenic acids, bind non-covalently to the initial skeleton, constituted by 
carbohydrates, dietary fiber, polyphenols and proteins (Marta Mesías & Delgado-
Andrade, 2017). The total dietary fiber in aqueous coffee silverskin extract (CSE) has 
been reported to be about 36% (Guglielmetti et al., 2019). 
Coffee melanoidins possess various biological properties such as anticarcinogenic, 
anticariogenic, antiglycative, antihypertensive, anti-inflammatory, antimicrobial, 
antioxidant, and prebiotic (Marta Mesías & Delgado-Andrade, 2017; Pérez-Hernández 
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et al., 2011; Wang et al., 2011). Melanoidins from coffee have been described as 
"Maillardized dietary fiber" (Silván et al., 2010). Coffee silverskin has been proposed as 
a sustainable natural source of prebiotics, antioxidants and dietary fiber (del Castillo et 
al., 2013). Borrelli et al. (2004) described for the first time that coffee silverskin supports 
the growth of bifidobacteria in vitro, and subsequently Jiménez-Zamora et al. (2015)  
have evaluated the prebiotic properties of different coffee byproducts (Jiménez-Zamora 
et al., 2015). Coffee silverskin significantly increased the amount of healthy bacteria, 
such as Lactobacillus spp. and Bifidobacterium spp. without affecting the level of 
Bacteroides spp. and Clostridium spp. The authors concluded that coffee silverskin 
could be a suitable ingredient in the formulation of foods with prebiotic characteristics. 
The antioxidant capacity of coffee silverskin extract is due to melanoidins generated 
during the roasting process (Esquivel & Jiménez, 2012), and also to the presence of 
chlorogenic acid (CGA) (Murthy et al., 2009). Determining the contribution of each of 
these compounds to the overall antioxidant capacity of the extract is of great interest. 
Additionally, the dietary fiber effect of melanoidins from coffee silverskin has not been 
investigated yet. Therefore, the aim of the present study was to isolate and perform a 
structural and functional characterization of melanoidins obtained from coffee 
silverskin, and to analyze the antioxidant properties in vitro and the dietary fiber effect 
in vivo.  
2. Materials and methods 
2.1. Raw material 
Coffee silverskin Arabica species from Colombia was kindly provided by Supracafé 
S.A. (Móstoles, Spain). Coffee silverskin was generated during the roasting process of 
green coffee beans in a PROBAT roaster (Emmerich am Rhein, Germany) for 13 min at 
220 °C.  
2.2. Preparation of coffee silverskin extract 
Coffee silverskin extract (CSE) was prepared according to the procedure described in 
patent WO2013004873A1 (del Castillo et al., 2013). Briefly, a mixture of 50 g/L of 
coffee silverskin, in water, was stirred for 10 min at 100 °C, then the suspension was 
screened by 250 µm and freeze-dried. The extraction yield of CSE was 10.09 %, which 
corresponds to that previously described (Iriondo-DeHond et al., 2019). 
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2.3. Recovery of melanoidin-rich macromolecular fraction  
A simple, easy to scale up, cost-friendly and sustainable process, avoiding the use of 
potential harmful solvents for human health, was performed to obtain water soluble 
melanoidins. Molecules with this physicochemical property are of great interest because 
of their physiological effect as a soluble dietary fiber. In addition, water solubility 
facilitates their administration in drinkable water, for the animal model, avoiding stress 
caused by the use of gavage, in the gastrointestinal tract. 
The filtrate obtained after water extraction of coffee silverskin was clarified by dead-end 
filtration, using cellulose pads (SA-590) from Filtrox Southern Europe S.L. (Besós, 
Spain) and vacuum as driving force. The melanoidin fraction (120.32 g) was obtained 
by aqueous extraction from 3.76 kg of coffee silverskin in 75.2 L of hot water, 
corresponding to a concentration of 50 g CS/L.  
Melanoidins (MEL) were recovered as the macromolecular fraction of coffee silverskin, 
through ultrafiltration, using a 10 kDa nominal molecular weight cut-off membrane from 
Millipore (Merck, Darmstadt, Germany) (model, Prep-scale 6; material, regenerated 
cellulose; design, spiral-wound; filtration surface, 0.54 m²). The membrane was 
integrated in a tangential (cross) flow, pressure-driven membrane filtration unit, 
consisting of a 5 L feed vessel, variable flow peristaltic pump (1-13 L/min), membrane 
holder with integrated inlet and outlet pressure gauges (1-5 bar). Ultrafiltration was 
carried out in a continuous concentration mode, at a constant transmembrane pressure of 
0.8 bar and temperature of 22 °C until 1.5 L of concentrate were achieved. Recovery of 
the macromolecular (colloidal) fraction was carried out by diafiltration of the final 
concentrate with the same volume of demineralized water (batch mode), until 0.1 % of 
total dissolved substances (TDS) (°Brix) were registered in the permeate flow. This 
effect was achieved within six cycles of dilution/concentration, equivalent to 9 L of 
water per 1.5 L of concentrate. The purified fraction was freeze-dried and stored at room 
temperature in a dark place until analyses. 
After filtration, the membrane was cleaned by 0.1 N NaOH solution, according to 
producer´s requirements. 
Both ultrafiltration and diafiltration stages were monitored by spectrophotometric 
measurement of caffeine (CAF) at 273 nm and melanoidins at 405 nm (BioTek 
Instruments, United States), and measurement of pH and turbidity.  
 
  Chapter 4 – Study 6 
 
229 
 
2.4. Microbiological quality  
The melanoidin beverage (4 g/L) prepared form the purified melanoidin-rich 
macromolecular fraction of coffee silverskin was microbiologically analyzed to evaluate 
the safety of its use as a food ingredient. A count of the (i) total aerobic microorganisms, 
(ii) aerobic microorganisms forming endospores, and (iii) molds and yeasts, was carried 
out. All assays were performed in sterile conditions, with a previous solubilization of the 
melanoidin fraction (10 g) in buffered peptone water (BPW) (90 ml), by using a 
stomacher (230 rpm, 1 min). Different conditions were set for each analysis: (i) the pour 
plate method, plate count agar (PCA) medium, incubation at 30 °C, for 72 h; (ii) the pour 
plate method, brain heart infusion (BHI) agar medium, pre-incubation at 80 °C, for 10 
min and incubation at 37 °C, for 48 h; and (iii) the spread method, sabouraud dextrose 
agar (SDA) medium with chloramphenicol and incubation at 25 °C, for 120 h. Results 
were expressed as colony forming units (CFU)/g.  
2.5. Spectral analyses  
2.5.1. Ultraviolet-visible (UV-VIS) absorption spectroscopy 
UV-VIS spectrum of caramel reference substance, CSE, MEL, CGA (0.06 mg/ml) and 
CAF (0.03 mg/ml) were acquired, using a microplate reader (BioTek Epoch 2 Microplate 
Spectrophotometer, Winooski, VT, USA). Sulphite ammonia caramel (E-150d) was 
used as a melanoidin standard. Caramel is formed during Maillard-type reaction where 
carbonyl compounds react with amino groups or ammonia (Sengar & Sharma, 2014). 
Therefore, it was used as a melanoidin control. Analytical determination was carried out 
in triplicate. Absorption spectra were recorded between 240 and 720 nm at room 
temperature. Monitorization of the isolation process was carried out by the analysis of 
the UV-VIS absorption spectra.  
2.5.2. Infrared spectroscopy (IR) 
The infrared spectra of caramel standard, CSE and MEL were recorded in a Tensor27 
FT-spectrometer (Bruker, Billerica, USA), equipped with a diamond attenuated total 
reflection (ATR) cell (Durascope, Smiths Detection, Danbury, CT, USA). A background 
reference was measured (400 scans) previous to sample infrared spectrum recording 
(200 scans). After each experiment, the diamond crystal was cleaned with distilled water 
(Millipore quality) and ethanol (chromatographic grade). The infrared spectra were 
analyzed using the OPUS software (Bruker). The corrected spectra of the baseline were 
plotted, using the OriginLab software (V10.X, OriginLab Corporation, Northampton, 
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MA, USA). Characteristic infrared red bands are observed within a low window (750-
1800 cm⁻¹) and high frequency (2700-3400 cm⁻¹). 
2.6. Chemical analyses 
2.6.1. Caffeine and chlorogenic acid  
The content of CAF and CGA was determined using capillary zone electrophoresis 
(CZE) as described by del Castillo et al., (2002), in an attempt to identify the bioactive 
compounds present in samples. Determinations were carried out by an Agilent G1600 A 
(Santa Clara, CA, USA) capillary electrophoresis instrument equipped with 
ChemStation software and a diode array detector (DAD). The capillary was 48.5 cm long 
(40 cm to the detector) with an internal diameter of 50 µm and a x3 bubble cell. Other 
conditions of analysis were as follows: 20 mM borate buffer at pH 9.3; voltage, 20 kV; 
temperature of analysis set at 25 °C; injection administered at 50 mbar for 5 s; and an 
electroosmotic flow (EOF) marker of acetone. Electrophoregrams (e-grams) were 
monitored at 280 nm, and spectra were collected from 190 to 600 nm. The capillary was 
conditioned after each sample run by flushing with 0.1 M NaOH, for 3 min, and with a 
buffer for other 3 min. CAF and CGA were used as standards for identification and 
quantification. All analyses were performed in triplicate, and results were expressed as 
% CAF or CGA (w/w). 
2.6.2. Melanoidins 
The content of melanoidins was determined by CZE, as previously described. Caramel 
(E-150d) was used as reference. The analyses were performed in triplicate, and results 
were expressed as % (w/w) of caramel equivalents.  
2.6.3. Soluble proteins 
Bio-Rad Protein Assay, catalogue number 500-006, (Bio-Rad Laboratories, SIG 
093094) based on the method of Bradford was used in micro-method format to determine 
protein concentration. It was performed according to the manufacturer's instructions. 
Briefly, a solution of Bradford reagent (1:4, reagent:milli-Q water) was prepared and 
filtered using Whatman 4 filter. Ten µl of sample and 200 µL of Bradford solution were 
placed in a multi-well microplate. Samples were incubated for 5 min at room 
temperature, and the absorbance was measured at 595 nm. Sample blank and reagent 
blank were also analyzed. A calibration curve was constructed using BSA (0.05–0.5 
mg/ml). All measurements were performed in triplicate. Results were expressed as % 
(w/w). 
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2.6.4. Dietary fiber 
Insoluble (IDF), soluble (SDF) and total (TDF) dietary fiber content was determined 
using the Total Dietary Fiber Assay Kit (Megazyme International Ireland, Ireland) 
according to manufacturer’s instructions, and based on the enzymatic–gravimetric 
method. All measurements were performed in triplicate. Results are expressed as percent 
(%).  
2.7. Bioactivity evaluation 
2.7.1. In vitro 
2.7.1.1. ABTS Assay 
The trapping capacity of cationic free radicals was evaluated using the method of radical 
ABTS•+ bleaching described by Re et al., (1999) and modified by Oki et al., (2006) for 
its use in a microplate. Aqueous solutions of Trolox (0.025 – 0.2 mM) and CGA (0.025 
– 0.2 mM) were used for calibration. Absorbance was measured at 734 nm using a UV-
Visible Spectrophotometer (BioTek Instruments, USA). All measurements were 
performed in triplicate and results were expressed as µmol Trolox equivalents (TE)/ mg 
sample. 
2.7.1.2. ORAC Assay 
The ORAC assay was applied according to the method of Ou et al. (2001), and as 
modified by Dávalos et al. (2005). The procedure was carried out using an automated 
plate reader (BMG LABTECH, Germany) equipped with a fluorescence detector set at 
excitation and emission wavelengths of 485 nm and 530 nm, respectively. Readings were 
taken every minute, for a duration of 90 min, at 37 °C. All measurements were performed 
in triplicate and results were expressed as µmol TE/ mg sample. 
2.7.1.3. Intracellular reactive oxygen species (ROS)  
Normal rat small intestine epithelial cells (IEC-6) were kindly provided by the 
Bioanalytical Techniques Unit (BAT) of the Instituto de Investigación en Ciencias de la 
Alimentación (CIAL) (Madrid, Spain). Cells were cultured as a monolayer in 
Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10 % (v/v) heat 
inactivated fetal calf serum (FBS), 50 U/ml penicillin and 50 µg/ml streptomycin and 1 
% (v/v) L-glutamine, at 37 °C and in 5 % CO2 in a humidified incubator (BINDER CB 
series 2010, Tuttlingen, Germany). 
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Prior to the study of basal intracellular ROS, the effect of different concentrations of 
CSE and melanoidins on cell viability was measured by the MTT assay (Bakondi et al., 
2003) in order to select non-cytotoxic doses. IEC-6 cells were treated with samples at 
0.004, 0.04, 0.4 and 4 mg/ml. DMSO (50%) was used as death control.  
The determination of basal intracellular ROS was performed, following the same 
procedure used by Iriondo-DeHond et al. (2019). Tert-butyl hydroperoxide (tBOOH) 1 
mM was used as a positive oxidation control and vitamin C (10 µg/ml) was used as an 
antioxidant reference compound. Induced intracellular ROS were also measured, when 
combining samples and tBOOH 1 mM. Then, a MTT assay was performed to normalize 
data by the number of cells per well. Experiments were carried out in triplicate. 
2.7.2. In vivo  
2.7.2.1. Animals and experimental design  
Male Wistar rats (150 - 200 g) were obtained from the Veterinary Unit at Universidad 
Rey Juan Carlos (URJC) (n = 14). Animals were group‐housed (2 - 4 rats/cage) in 
standard transparent cages (60 cm × 40 cm × 20 cm), under environmentally controlled 
conditions (temperature = 20°C; humidity = 60%), with a 12‐hour light/12‐hour dark 
cycle. Animals had free access to standard laboratory rat chow (Harlan Laboratories Inc., 
Barcelona, Spain) and sterile tap water. All experimental procedures were approved by 
the Ethics Committee of URJC and carried out in accordance with the EU Directive for 
the protection of animals used for scientific purposes (2010/63/EU) and Spanish 
regulations (RD/53/2013). 
Animals were divided in two groups, control group (n = 8) and melanoidins group (n = 
6). Although the MEL beverage is within the established limits for molds and aerobes 
when compared to tea, it was sterilized at 121 °C for 20 minutes, and was stored at 4 °C. 
A fresh MEL bottle was prepared daily to administer to the animals. MEL were 
administered in drinking water at 4 g/l corresponding to a dose of 1 g/kg of body weight 
(Oecd/Ocde, 1995). A pilot study validated the oral route for administration of 
melanoidins in the drinking water. Exposure to normal water or water with melanoidins 
was performed during four consecutive weeks. Throughout this time, general parameters 
were regularly evaluated (body weight, water and food intake, and appearance of 
animals). In the last week, specific parameters of gastrointestinal and colonic motility 
were also evaluated.  
To assess possible dehydration, the dorsal skin fold was evaluated (Hickman & Swan, 
2010). In addition, the appearance of the perianal area as well as the fecal pellets were 
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evaluated (Fukudome et al., 2014). Each parameter was evaluated separately. This 
assessment was made every day. 
2.7.2.2. Radiographic study of gastrointestinal motility 
The analysis of gastrointestinal motility was carried at the end of the fourth week of the 
study out by radiographic, non‐invasive, in vivo methods routinely used by the 
Pharmacology Laboratory of the URJC (Abalo et al., 2009; Cabezos et al., 2008). 
Radiographs were taken 0, 1, 2, 4, 6, 8 h (T0 - T8) after administration of barium contrast 
(Barigraf® AD; Juste SAQF, Madrid, Spain) at 3 ml/rat (Barigraf was suspended in 
distilled water at 2 g/ml). Radiographs were developed using an automatic processor 
(Kodak X-OMAT 2000). 
For the analysis of the radiographs, after their digitalization, a semiquantitative scale was 
applied to each gastrointestinal region (the stomach, small intestine, caecum and the 
colorectal region) of each rat and at each time point, obtaining scores between 0 and 12, 
which were represented in the corresponding motility curves (Cabezos et al., 2008). In 
addition, the alterations in the size and density of stomach, caecum and fecal pellets were 
analyzed with the aid of an image analysis system (Image J 1.38 for Windows, National 
Institute of Health, USA, free software: https://rsb.info.nih.gov/ij/). 
2.7.2.3. In vivo evaluation of colonic bead expulsion  
Colonic bead expulsion test was performed, as described previously (Fichna et al., 
2014). Briefly, on the day of the experiment, a prewarmed (37°C) glass bead (diameter: 
8 mm) with fire polished end was inserted 3 cm into the distal colon using a silicone 
pusher (Broccardo et al., 2004). Before insertion, beads were covered with vaseline to 
avoid tissue damage. After bead insertion, rats were separated into transparent, 
individual cages and the time to bead expulsion was measured (Fichna et al., 2009). 
Animals were monitored for a maximum of 4 h unless the bead expulsion occurred 
sooner. Bead insertion was performed under sedation with Sedator® (medetomidine 
hydrochloride, an alpha‐2 adrenergic agonist, 0.66 ml/kg, 5 mg/ml, ip); immediately 
after bead insertion, Revertor® (atipamezole hydrochloride, an alpha‐2 adrenergic 
antagonist, 0.66 ml/kg, 5 mg/ml, ip) was used to revert sedation (Ruíz et al., 2018). 
2.7.2.4. Extraction of organs at sacrifice 
At the end of the study, animals were guillotined under anesthesia with sodium 
pentobarbital (2 ml/kg), the gastrointestinal package was extracted for evaluation of the 
length of the small intestine and colon, and samples were obtained for further studies. 
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2.8. Statistical Analysis 
GraphPad Prism program version 5.01 (GraphPad Software Inc., San Diego, CA, USA) 
was used for statistical analyses. Results are shown as means ± standard deviation (SD) 
or ± standard error of mean (SEM). Differences between groups were analyzed using 
Student's T test for unpaired data. A one- or two-way analysis of variance (ANOVA) 
followed by Bonferroni (gastrointestinal motility analysis) or Tukey’s (intracellular ROS 
analysis) test for mean comparisons was used to highlight significant differences among 
samples. Differences were considered to be significant at p < 0.05 and highly significant 
at p <0.01.  
3. Results and discussion 
3.1. Coffee silverskin melanoidins recovery 
For recovery of the melanoidin-rich macromolecular fraction, five batches of 12 l of 
clarified crude coffee silverskin extract were submitted to ultrafiltration, with the 
equipment, and at the operating conditions already described in the Materials and 
methods section. Concentration was carried out at 0.8 bar of transmembrane pressure, 
for an average mean time of 2 h. Even the initial extract had relatively low content of 
total dissolved (0.6 - 0.8 g/100 ml) and suspended solids (20 - 25 Nephelometric 
Turbidity Units (NTU)); the filtration flux declined quickly from 18 to 8 l/hm2. Addition 
of demineralized water during the diafiltration process did not improve filtration, 
maintaining the flux at levels between 8 and 2 l/hm2. This finding suggests that the gel 
layer build on the membrane surface was quite stable. That is why another 3 to 4 h were 
necessary to completely separate the low molecular weight species from the 
macromolecular fraction.  
Measurement of total soluble substances (TSS) of the permeate and concentrate streams 
at the beginning and the end of the concentration phase showed that the 10 kDa 
membrane retained from 50 % to 70 % of the extract soluble matter, which corresponded 
to the retained macromolecular fraction. Diafiltration of this retentate, with 
demineralized water and freeze-drying of the low-molecular-weight-free 
macromolecular fraction, allowed the recovery of 25 g solid dry matter per batch. The 
extraction yield of the MEL fraction was 3.2 %. In this way, 126 g of purified 
melanoidin-rich fraction were obtained for the in vivo experimental study. 
TSS increased progressively until reached 2 °Brix, pH values were constant, ranging 
between 5.0 - 5.28, turbidity increased continuously, and the content of dissolved salts 
decreased progressively. No bibliographical references have been found regarding pH 
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values of CSE, although the pH values for coffee beverages ranged from 4.9 - 5.6 (Paiva 
et al., 2018). Hashimoto et al. (2011) described that acidity is a positive quality of coffee 
beverage and is attributed to CGA, citric, tartaric and malic acids. Compounds that 
contribute to a higher or lower pH and acidity are classified as dissociable and non-
dissociable ionic species; within the dissociable ionic compounds are CGA, citric acid, 
quinic acid and trigonelline, whereas the non-dissociable ionic compounds include 
caffeine and arabinogalactan (Hashimoto et al., 2011).  
The MEL fraction was analyzed microbiologically to evaluate the safety of its use as a 
food ingredient. The permitted values for molds in teas are 104 CFU/g of the product 
and, for mesophilic aerobic colonies (30 °C) the permitted values are up to 106 CFU/g 
of the product; being our results below these established limits. With regard to the 
microbiological safety of coffee, only the maximum permitted level for ochratoxin A 
(OTA) is legislated. Previous studies carried out by our research group showed values 
of 4.3 x 103 CFU/g for total aerobic microorganisms and a content of yeasts and molds 
lower than 102 CFU/g in CSE (Iriondo-DeHond et al., 2017), and OTA was not detected 
(Iriondo-DeHond et al., 2019). Table 1 shows the microbiological analyses of the MEL 
beverage, according to current legislation for tea and its derivatives, regulated by RD 
1354/83, BOE 05/27/83 and BOE 14/07/84.  
Table 1. Microbiological analyses of the melanoidin beverage (MEL) prior to its administration 
to rats.   
Microbiological Analyses MEL 
Molds (CFU/g) < 10² 
Yeasts (CFU/g) 4.8 x 10⁴ 
Total aerobic microorganisms (CFU/g) 4.8 x 10⁴ 
Endospores 30 °C (CFU/g) < 10¹ 
Viable aerobic microorganisms at 30 °C (CFU/g) 9.4 x 10³ 
 
Figure 1a shows the UV-Visible spectrum of CAF, caramel, CGA, CSE and MEL. CAF 
spectrum shows a maximum absorbance at 273 nm and the CGA spectrum shows a peak 
at 326 nm. In CSE, these two peaks are also observed. The maximum absorption at 273 
nm may be due to the presence of proteins, CAF and caffeic acid and the maximum 
absorption at 326 nm might correspond to the presence of CGA (Bekedam et al., 2008). 
Both CAF and CGA are low molecular weight nonpolar compounds (Bekedam et al., 
2008). Furthermore, it was observed that CSE absorbs at 400 - 450 nm, which may be 
due to the presence of melanoidins, previously described to absorb in this wavelength 
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interval (Silván et al., 2010). MEL fraction obtained after diafiltration showed 
absorption in the whole spectrum (270 - 450 nm), which might indicate the presence of 
melanoidins and traces of caffeine. Caramel (E-150d) has a similar spectrum to that 
observed in MEL. Melanoidins are soluble anionic polymeric compounds that are brown 
in color. These compounds have a molecular weight higher than 10 kDa, and absorb in 
the interval between 400 and 450 nm (Silván et al., 2010).  
As an extended approach to standard analytical characterization, a spectral analysis in 
CSE and MEL was performed using vibrational spectroscopy as a non-invasive 
technique in the middle infrared region. This technique has been widely used for the 
molecular characterization and determination of green and roasted coffee beans 
compounds (Barbin et al., 2014). In addition, infrared spectroscopy also provides 
relevant information on the extraction of biocomposites (López-Lorente & Mizaikoff, 
2016). Little is known about the implementation of infrared spectroscopy in the 
structural characterization of coffee by-products and the sustainable management of 
food, such as coffee silverskin. Figure 1b shows one of the first high-quality IR spectra 
of MEL (Figure 1(b)B), compared with the IR spectrum of CSE (Figure 1(b)C) and with 
the IR spectrum of caramel standard (Figure 1(b)A). Despite a similar brown coloration 
between caramel and MEL, a substantially different vibratory pattern is observed. In the 
caramel spectrum a poor or pseudo-melanoidinic band is found, which suggests that all 
the melanoidin extracts related to coffee show an equal mixture of reducing sugars and 
amino acids. In CSE a wide characteristic of C - O is observed around 1030 cm-1, but 
the maximum was displaced to 1022 cm-1, with local maximums of 1044, 1072 and 1096 
cm-1. In addition, another prominent maximum is observed at 1601 cm-1 with one 
shoulder at 1645 cm-1 and two high-frequency peaks at 1699 and 1734 cm-1. The first 
peaks correspond to C = C stretch characteristics, while the latter corresponded to stretch 
modes C = O. In addition, a broad peak is observed at 1406 cm-1, possibly to a flowering 
mode C-H2 / CH3. In the high frequency region, little intense CH stretching peaks were 
detected at 2921 and 2851 cm-1 and a wide peak of OH stretching was seen at 3311 cm-
1. After the extraction, no changes in the vibratory characteristics were observed, which 
suggests that the composition of the chemical prevailed. Both CSE and MEL showed 
melanoidin characteristics. In addition, two different samples of each extraction showed 
almost identical characteristics. The structure of the coffee parchment, a by-product of 
the coffee bean, was analyzed by infrared spectroscopy and it was concluded that the 
components present were lignin and cellulose. The bands at 1658 and 1602 cm-1 were 
assigned to lignin. In high frequency region the peaks at 2896 and 2712 cm-1 were 
assigned to cellulose (Iriondo-DeHond et al., 2019). Taking into account that the dietary 
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fiber of coffee has been described to be composed mainly of cellulose, hemicellulose, 
pectic substances and lignin (Borrelli et al., 2004) and presents values close to those 
found for the parchment, it could be suggested that lignin is present in its structure. 
 
(a) 
 
(b) 
Figure 1. (a) UV-VIS spectra of caramel, melanoidins (MEL), coffee silverskin extract (CSE), 
caffeine (CAF) and chlorogenic acid (CGA). (b) IR spectra of caramel (A), coffee silverskin 
extract (B) and melanoidins (C). Relevant bands and vibrational modes are indicated. 
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CAF and CGA were determined by CZE. Identified compounds are shown in Figure 2. 
The e-gram of CSE showed two peaks, with a spectrum matching CAF and CGA, 
migrating at 3.4 min and 9.1 min, respectively. For comparative purposes, the identified 
compounds of CSE were quantified by CZE (Table 2). CAF and CGA content in coffee 
CSE were 34.87 ± 1.85 mg/g extract and 11.50 ± 0.98 mg/g extract, respectively. In 
addition, a broad band is observed after 4 to 8 min, similar to that of coffee drinks and 
representing the colored macromolecules formed in the Maillard reaction, that is, 
melanoidins, as is described in the literature (Charurin et al., 2002). These spectral 
characteristics of the melanoidins confirm their presence in CSE. Figure 2b shows the 
MEL isolate and, as expected, the same broad band is observed after 4 min, as in CSE, 
its maximum being found at 4.8 min. 
 
(a)       (b) 
Figure 2. E-gram recorded at 280 nm showing the identified compounds from coffee silverskin 
(4 mg/ml) (a) and melanoidins (4 mg/ml) (b). Peak identification: CAF - caffeine; CGA - 
chlorogenic acid; MEL - melanoidins. 
Table 2 shows the chemical composition of CSE and MEL and their antioxidant 
capacity. Results indicate that melanoidins, proteins, CGA and CAF are found in CSE. 
The amount of melanoidins present in CSE corresponds to 7.8 g/100 g, similar to that 
previously described (Ii et al., 2004). However, no bibliographical references have been 
found regarding the isolation and characterization of coffee silverskin melanoidins. The 
caffeine content corresponds to that previously described by Mesías et al., (2014). The 
European Food Safety Authority (EFSA) has established a level of safety for daily 
caffeine consumption of 400 mg for the general population and 200 mg for lactating 
women (European Food Safety Authority (EFSA), 2015). Previous studies have 
indicated that the caffeine content in coffee by-products are not worrisome (Garcia-
Serna et al., 2014). The results obtained for CGA are lower than those found in other 
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studies (Ii et al., 2004). The antioxidant capacity of CSE is partially due to the presence 
of compounds generated during the Maillard reaction, melanoidins (Ii et al., 2004). 
 
Table 2. Chemical composition and in vitro bioactivity of coffee silverskin extract (CSE) and 
melanoidins (MEL). 
Measure (% w/w)* CSE MEL 
Caffeine 3.5 ± 0.2ᵃ 0.1 ± 0.0ᵇ 
Chlorogenic acid 1.2 ± 0.1ᵃ 0.2 ± 0.0ᵇ 
Melanoidins 7.8 ± 0.2ᵃ 14.6 ± 0.8ᵇ 
Protein 
Dietary fiber 
2.2 ± 0.0ᵃ 
N.D 
1.7 ± 0.0ᵃ 
75.1 ± 4.8 
Total antioxidant capacity (µmol Trolox/ mg sample)  
ABTS 4.0 ± 1.2ᵃ 1.8 ± 0.1ᵇ 
ORAC 4.4 ± 0.2ᵃ 1.1 ± 0.0ᵇ 
*Weight per freeze-dried sample. N.D.: not determined. Data represent mean ± SD of 3 
independent experiments. Different letters represent statistically significant differences 
(Student’s t-test, p < 0.05). 
 
MEL presented low levels of CGA, CAF and proteins, and high melanoidin content 
(Table 2). The low values of protein (1.7 g/100 g) suggest that MEL is mainly composed 
of polysaccharides. In previous investigations, the high molecular weight fraction was 
isolated from the coffee beverage (Arabica variety) and the main compounds found were 
polysaccharides (37 g/100 g), followed by proteins (12 g/100 g) (Moreira et al., 2017).  
The main compound present in the MEL fraction obtained in this study was TDF (75.1 
%). Recommendations regarding the consumption of TDF vary depending on the 
different regulations. For instance, the World Health Organization (WHO) recommends 
a daily intake of 27 to 40 g of TDF, the Food and Drug Administration (FDA) 
recommends the consumption of 25 g of TDF per day while the American Dietetic 
Association (ADA) recommends consuming between 20 and 30 g/day. Among TDF 
content, IDF and SDF were 56.6 % and 18.5 %, respectively.  
According to the literature, the CSE has a TDF value of 62.4 g/100 g, the IDF content 
being higher (53.7 g/100 g) than the SDF content (8.8 g/100 g) (Pourfarzad et al., 2013). 
No studies in the literature were found to have looked into the chemical characterization 
of the MEL fraction from the roasting by-product of coffee processing. Low molecular 
weight compounds, such as CGA, adhere to the structure of melanoidins during roasting, 
Chapter 4 – Study 6 
240 
 
leading to an antioxidant dietary fiber. Coffee silverskin fiber has been previously 
classified as an antioxidant dietary fiber (Murthy & Naidu, 2012; Napolitano et al., 
2007). SDF and IDF have different physiological functions, largely depending on the 
viscosity of fibers. In the large intestine, they promote a regulatory effect: IDF (found in 
cellulose, hemicellulose, lignin and resistant starch) mechanically excites the intestinal 
mucosa, by stimulating it and cause secretion of water; and SDF (found in inulin, pectins, 
gums and fructooligosaccharides) forms a gel with high water retention capacity. To 
exert its regulatory effect, dietary laxative fibers must resist fermentation, and remain 
relatively intact and present throughout the large intestine, consequently increase the 
water content in feces (McRorie & McKeown, 2017). In this study, an isolate enriched 
extract in Maillardized dietary fiber has been obtained from coffee silverskin. Taking 
into account the physiological properties of SDF and IDF in gastrointestinal health, it is 
of great interest to evaluate the bioactivity of this sustainable source of fiber in vitro and 
in vivo.   
3.2. Bioactivity of coffee silverskin melanoidins  
3.2.1. Antioxidant capacity 
The in vitro antioxidant capacity of CSE and MEL, determined by ABTS and ORAC, is 
shown in Table 2. Antioxidant capacity was significantly higher (p < 0.05) in CSE 
compared to MEL. This trend was observed for both methods. Results regarding the 
antioxidant capacity of CSE agree with those described in the literature. The antioxidant 
capacity of CSE may be due to the phenolic compounds present in the raw material and 
to the presence of melanoidins formed during roasting (Borrelli et al., 2004). It is 
suggested that these low molecular weight phenolic compounds, such as CGA, are 
covalently bound to the carbohydrate backbone, forming a fiber-antioxidant complex 
(Hofmann & Schieberle, 2002). Since the MEL fraction obtained in this study was 
diafiltrated, non-bound low molecular weight compounds were eliminated and, 
therefore, it was expected to have a lower antioxidant capacity. Even so, results indicated 
that MEL has antioxidant properties and contributes about 35 % to the total antioxidant 
capacity of CSE. No bibliographical references have been found regarding the total 
antioxidant capacity of MEL from coffee silverskin. 
Prior to the evaluation of the effect of MEL on intracellular ROS formation, cell viability 
assays were performed to select non-cytotoxic concentrations of extracts. Figure 3a 
shows the viability of healthy rat intestinal cells (IEC-6) after 24 h treatment with CSE 
and MEL, at different concentrations. The highest concentration of CSE and MEL (4 
mg/ml) significantly reduced (p < 0.05) cell viability, when compared to non-treated 
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control cells. Therefore, lower concentrations of samples (0.004, 0.04 and 0.4 mg/ml) 
that resulted non-cytotoxic to intestinal cells were selected for the study of their effect 
on the redox status of cells.  
Figure 3b shows the effect of CSE and MEL on the physiological ROS of IEC-6 cells 
after 24 h of incubation. Both extracts significantly reduced (p < 0.05) the physiological 
production of ROS compared to the control (untreated cells). Concentrations of 0.04 and 
0.4 mg/ml of CSE had similar antioxidant effect (p > 0.05) as vitamin C (10 µg/ml) used 
as an antioxidant control.  
The effect of CSE and MEL on induced intracellular ROS of IEC-6 cells is shown in 
Figure 3c. Oxidation was induced by tBOOH 1 mM, which significantly increased the 
production of intracellular ROS (p < 0.05). As expected, vitamin C significantly reduced 
the formation of induced ROS (p < 0.05). When intestinal cells were pre-treated with 
different concentrations of CSE (0.004, 0.04 and 0.4 mg/ml), a significant reduction of 
induced ROS was observed (p < 0.05). The reduction of ROS levels by CSE has also 
been studied in other cell lines, such as liver and skin cells (Iriondo-DeHond et al., 2019, 
Iriondo-DeHond et al., 2016). Our results agreed with those described for these other 
cell lines. In addition, induced levels of ROS were also decreased when cells were pre-
treated with MEL at 0.4 mg/ml. Results seem to indicate that low molecular weight 
compounds present in CSE were removed during the purification process, such as CGA, 
that might have contributed to the antioxidant effect observed on intestinal cells. To date, 
no other study has been found in the literature that has looked into the effect of MEL 
from coffee silverskin on induced intracellular ROS. Thus, the MEL fraction obtained 
from coffee silverskin in this study shows in vitro antioxidant capacity and is effective 
against induced ROS. 
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(c) 
Figure 3. Effect of CSE and MEL on IEC-6 (a) cell viability, (b) physiological ROS and (c) 
induced intracellular ROS. Cells were cultured with different concentrations of CSE or MEL for 
24 h. Then, the MTT assay was performed to determine cell viability and ROS were measured 
using the DCFH-DA probe. Control - untreated cells; death control - DMSO (50 %); oxidation 
control - tBOOH (1 mM); antioxidant control - vitamin C (10 µg/ml). Data are shown as the mean 
± SEM of three independent experiments. Different letters above columns indicate significant 
differences among treatments (Tukey test, p ≤ 0.05). 
3.2.2 Toxicity and fiber effect 
In this study, MEL was administered in the drinking water in a non-invasive manner as 
previously described. Previous studies have also administered samples in this way, for 
instance, freeze-dried instant coffee was administered to animals in a solution at 1.2 g/kg 
of body weight (Choi et al., 2011).  
The mean weight of the animals at the beginning of the study was 186 ± 6.27 g (control 
group) and 174 ± 5.99 g (MEL group). Throughout four weeks of the in vivo study, there 
was a gradual increase in weight in both groups of animals, without showing statistically 
significant differences in this parameter due to the exposure of the animals to MEL in 
the drinking water (Table S1 shows final weight: control: 321.8 ± 8.5 g; MEL: 318.6 ± 
16.4 g; p > 0.05). With regards to food intake, no statistically significant differences 
were observed either (p > 0.05). Food intake of the control group was 24.24 ± 0.95 
g/day/rat and that of the group with MEL was 22.04 ± 0.96 g/day/rat. The group treated 
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with the MEL beverage presented an intake of 37.06 ± 2.33 ml/day/rat and the control 
group of 34.03 ± 1.14 ml/day/rat. A tendency of a higher liquid consumption in the group 
treated with the MEL beverage, compared to the control group was observed, but the 
difference was not statistically significant (p > 0.05). To date, there are no in vivo studies 
with coffee silverskin melanoidins. However, the effect of coffee beverage consumption 
in vivo has been addressed. Animals treated with the coffee beverage for 4 weeks showed 
lower body weight and food intake when compared to the control animals. This might 
be the result of decreased food intake, due to a loss of appetite in the animals with coffee 
beverage, since the consumption of caffeine, one of the major biologically active 
components of coffee, reduces energy intake by 22 % (Choi et al., 2011). According to 
the literature on studies carried out with fructans with an inulin content of ≥ 90 %, rats 
treated with high fiber diet, three times per week for eight weeks, showed significantly 
lower consumption of food compared to the control group (Márquez-Aguirre et al., 
2016; Rendón-Huerta et al., 2012). Castillo Andrade et al. (2018) described that this 
effect may be due to the Glucagon-like peptide type 1 (GLP-1) production that increases 
satiety and reduces energy intake. Authors also observed that the treated group showed 
higher water intake, which may be associated with high fiber consumption (Castillo 
Andrade et al., 2018). Our results seem to indicate that the slight decrease in food 
consumption may be due to the presence of MEL, and its high fiber composition may 
explain the slight increase in drinking.  
Throughout the study, no sign of clinical dehydration was found in any of the rats and 
the appearance of the perianal area as well as that of the fecal pellets were normal 
(Fukudome et al., 2014). Table S1 shows the weights of the different organs normalized 
to the weight of the corresponding rat at sacrifice. Compared to control animals, in those 
treated with MEL there was a significant decrease in the weight of the small intestine, 
probably due to a concomitant decrease in its content (milking), which could be 
associated with an increased intestinal transit (see below). Even though most other 
organs showed no macroscopic modifications, the liver and kidneys presented slightly 
lower weight in MEL (although the difference was not statistically significant for the left 
kidney). No other study has been found in the literature that has looked into coffee 
silverskin melanoidins; however, studies on CSE, have found that CSE at 2 g/kg did not 
produce visible signs of toxicity nor did they find differences between the weights of the 
different organs (p > 0.05) (Iriondo-DeHond et al., 2019). While liver and kidney 
weights were not measured in studies carried out in rats exposed chronically to a high 
fiber diet (fructans with an inulin content of ≥ 90%), the ability of hepatocytes to 
biosynthesize plasma proteins or renal tissues to remove waste substances was not 
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affected (Castillo Andrade et al., 2018; Márquez-Aguirre et al., 2016). The lack of major 
differences in the weight and appearance of the different organs suggests that exposure 
to MEL beverage does not produce a meaningful toxicity. 
The fiber effect of melanoidins was specifically studied using radiographic analyses and 
bead expulsion test after 4 weeks exposure to MEL. Results of the radiographic study 
are shown in Figures 4 and 5. Results of the semiquantitative analysis of the stomach, 
for the control group, showed a progressive emptying of barium throughout the 8 hours 
of the radiographic session. Compared to control animals, the group treated with the 
MEL beverage showed statistically significant differences for time points 1 and 2 (p < 
0.05), although this difference was possibly negligible from a clinical point of view 
(Figure 4a). The motility curves for the small intestine showed a filling phase (0 - 1 h), 
a plateau (1 - 2 h) and a progressive emptying phase (2 - 8 h); these were practically 
overlapping for both groups throughout the radiographic session, without showing any 
statistically significant difference at any time-point (p > 0.05) (Figure 4b). Figure 4c 
shows the motility curve for the caecum. In the filling phase, significant differences were 
observed (p < 0.01), since it took four hours for the caecum of the control animals to be 
completely filled up, whereas that of the animals treated with MEL beverage, was 
practically filled up in only two hours. Thereafter, the caecum remained practically full 
until the end of the study in both groups, with no statistically significant differences 
between them. With regards to the colorectum, the control group began to form fecal 
pellets two hours after contrast and reached the maximum score at 8 hours of the 
radiographic session (Figure 4d). The curve for the colorectum of MEL group 
overlapped with that of control animals, without any statistically significant difference 
(p > 0.05). 
Chapter 4 – Study 6 
246 
 
 
Figure 4. Radiological analysis of gastrointestinal motor function in rats - a semiquantitative 
analysis. A dose of barium sulfate (3 ml, 2 g/ml) was intragastrically administered at time 0, and 
X-rays were taken immediately and 1, 2, 4, 6 and 8 h after administration. Motility curves for the 
stomach (a), small intestine (b), caecum (c) and colorectum (d) were obtained from control rats 
(n = 8) and rats treated with MEL (4 g/L) (n = 6). Data represent the mean ± SEM. * p < 0.05, 
*** p < 0.001 (Two-way ANOVA followed by Bonferroni post-hoc test). Representative X-rays 
(e) obtained from a control and a MEL-treated rat at 0, 2, 4 and 8 h after administration of barium 
sulfate. S - stomach; SI - small intestine; C - caecum; FP - fecal pellets (within the colorectum).  
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The alterations in the size and density of stomach, caecum and fecal pellets are shown 
in Figure 5. No significant differences were found for morphometry and densitometry in 
the stomach between control and MEL groups (p > 0.05). Figures 5c and 5d show the 
curves for the caecum size and density, respectively. Significant differences were 
observed (p < 0.01) at 2 h. These results agreed with the semiquantitative results shown 
in the motility curves for the caecum (Figure 4c), as described above. The intense folding 
of the small intestine in the abdomen did not allow for differences to be seen in the 
semiquantitative study, but barium reached and filled the caecum much faster in the 
MEL group compared to the control group. This was not due to a faster gastric emptying 
(Figure 4a, 5a, 5b) or to a reduction in the length of the small intestine (Table S1).; most 
likely, the propulsive activity of small intestinal semisolid contents was increased by 
MEL. Additionally, the number of fecal pellets found within the colorectum was slightly 
bigger in the group treated with the MEL beverage than in the control group, at 4 - 8 h 
(at 4 h, the Student’s t-test showed that this difference was actually significant) (Figure 
5e). This suggests that pellet formation is accelerated by MEL (differences might be 
highlighted by including additional time points in the radiographic session, i.e., 3 h). 
Although no significant differences in the density of fecal pellets were found, they 
tended to be bigger in the MEL group than in the control group (p = 0.1610, Student’s t-
test; Figure 5e). These increased number and size of fecal pellets might be a result of the 
higher fiber intake in the MEL group, making them slightly more effective to 
mechanically stimulate the colon.  
Previous studies have found that animals treated with fructans showed higher fecal 
production and a softer consistency compared to the control group (Castillo Andrade et 
al., 2018). Increased fecal excretion has been related to fiber consumption and its 
stimulating effect on the absorption of water and electrolytes from the lumen of the 
colon, which leads to a greater fecal viscosity and a general decrease in intestinal transit 
time (Mudgil & Barak, 2013). In previous studies, the effect of coffee grounds of 
Robusta variety on gastrointestinal motor function was studied. It was administered by 
gavage at a dose of 1 g/kg once a day from Monday to Friday for four consecutive weeks. 
Compared to vehicle, coffee grounds increased transit after the first but not after the 14th 
and 28th administrations, suggesting the development of tolerance to the laxative effect 
(Martirosyan, 2011). In the present study, transit was increased even after 28 days of 
MEL exposure in drinking water. Further studies are warranted to determine the effects 
of MEL at different exposure times. 
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Figure 5. Radiological analysis of gastrointestinal motor function in rats - morphometric and 
densitometric study. A dose of barium sulfate (3 ml, 2 g/ml) was intragastrically administered at 
time 0 and X-rays were taken immediately and 1, 2, 4, 6 and 8 h after administration. 
Morphometry and densitometry analyses of the stomach (a, b), caecum (c, d) and fecal pellets (e) 
are shown for control rats (n = 8) and rats treated with MEL (4 g/L) (n = 6). Size and density were 
evaluated using Image J (see text for details). Data represent the mean ± SEM. *** p < 0.001. 
(Line graphs: Two-way ANOVA followed by Bonferroni post-hoc test. Bar graphs: Student’s t-
test). 
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There were no statistically significant (p > 0.05) differences in the lengths of the small 
intestine and colon between the control group and the MEL group (Table S1). Previous 
studies with fructans of Agave salmiana in Wistar rats for 35 days observed that the size 
and length of the caecum and colon were bigger with respect to the animals without 
treatment. This was considered a positive effect because it indicates a larger area 
available for the absorption of nutrients and the increase of the beneficial intestinal 
microbiota due to the consumption of fructan, and concluded that this fermentation 
began in the caecum (Castillo Andrade et al., 2018). More research is needed to 
determine if longer exposure to MEL might induce similar results.  
Finally, the bead expulsion times were 470 ± 141 s for the control group and 502 ± 142 
s for the MEL group, with no statistically significant differences between both groups (p 
> 0.05). In this test, the pellet was inserted only 3 cm into the colorectum from the anus, 
in a region where, under normal conditions, the fecal pellets are already formed and, 
possibly, the effect of the MEL beverage occurs in regions closer to the caecum, where 
the aqueous content of the feces can still be greatly altered. The fact that MEL beverage 
did not modify this parameter also indicated that the motor agents (intrinsic and extrinsic 
innervation, smooth muscle and interstitial cells of Cajal or pacemakers, (Furness, 
2006)) involved in colonic propulsion, at this level are intact and respond similarly to 
the same mechanical stimulus (8 mm diameter-bead). This might not be the same for the 
small intestine, whose propulsive activity was increased as shown above, and more 
studies are needed to identify the specific mechanism involved. Whatever the case may 
be, no other study has been found on coffee, coffee silverskin or coffee silverskin 
melanoidins for this parameter. 
4. Conclusions 
This study provided novel information on the characterization of coffee silverskin 
melanoidins. Microbiological quality and health status of the treated animals support the 
food safety level of high molecular weight compounds, including melanoidins. The 
conditions for the isolation process were effective in obtaining a high molecular weight 
fraction (>10 kDa). The results of chemical, structural and functional characterization in 
vitro, showed the extraction of melanodins with antioxidant properties, which might be 
defined as the “Maillardized antioxidant dietary fiber”. In vivo pilot study results of 
intestinal motility confirmed an acceleration of the intestinal transit in animals treated 
with MEL, even after 28 days of exposure. Coffee silverskin melanoidins have the 
potential to be used as a functional food ingredient. 
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Table S1. Effect melanoidin consumption on body weight, normalized rat organs weight (g/kg 
rat) and length of the small intestine and colorectum (cm) of control (n = 8) and treated rats (n = 
6). Values represent the mean ± SEM. Asterisk denotes significant difference compared to control 
(T-student, * p < 0.05). 
 Control MEL 
Body weight (g) 321.8 ± 8.5 318.6 ± 16.4 
Stomach (g/kg) 12.1 ± 1.0 10.1 ± 1.0 
Small intestine (g/kg) 33.2 ± 1.0 29.4 ± 1.0* 
Milking1 (g/kg) 8.4 ± 0.4 5.6 ± 0.6* 
Caecum (g/kg) 17.6 ± 0.8 16.4 ± 1.9 
Colon (g/kg) 15.0 ± 1.2 13.6 ± 3.3 
Salivary glands (g/kg) 2.4 ± 0.1 2.2 ± 0.2 
Left kidney (g/kg) 3.3 ± 0.08 3.1 ± 0.04 
Right kidney (g/kg) 3.2 ± 0.03 3.05 ± 0.06* 
Liver (g/kg) 38.8 ± 1.1 34.1 ± 1.0* 
Epididymal fat (g/kg) 21.9 ± 2.3 20.2 ± 1.7 
Pancreas (g/kg) 4.0 ± 0.3 4.3 ± 0.4 
Small intestine (cm) 58.7 ± 1.7 58.3 ± 0.9 
Colorectum (cm) 14.5 ± 0.6 14.8 ± 1.4 
1 Milking: content of the small intestine. 
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1. Coffee cherry by-products generated in producing countries  
1.1. Husk 
The present PhD thesis provides novel data for supporting the valorization of coffee husk 
as a food ingredient for human consumption. Using a simple, low cost and 
environmentally friendly extraction process two different novel ingredients were 
generated (Figure 1): an enriched extract in bioactive compounds and a dietary fiber 
fraction (Chapter 1). But in order to use this coffee by-product for human consumption, 
special attention has to be taken regarding food safety. No pesticides were detected either 
in husk extract or in the insoluble fiber fraction. With regard to biological contaminants, 
aflatoxin B1 and enniantin B were not detected in any of the two novel ingredients. Low 
levels of ochratoxin A (OTA) were found in the insoluble fraction of husk (4.3 μg/kg), 
which were below the maximum levels of 5 μg/kg established by the European 
Commission (European Commission, 2005). However, OTA was not detected in husk 
extract. In addition, intake of an acute dose of 2 g/kg b.w. of coffee husk aqueous extract 
did not cause visible signs of toxicity, abnormal behavior or mortality. To the best of our 
knowledge, this is the first time data on contaminants and toxicity of husk have been 
published. Altogether, data ensure the food safety of novel ingredients derived from husk 
for human consumption.  
The nutritional composition of the insoluble fraction of husk suggests its potential to be 
used as a food ingredient with the following nutrition claims: high in fiber and low in 
fat, given that this novel ingredient possesses more than 6 % of dietary fiber and less 
than 3 % fat (Chapter 1). Total dietary fiber (TDF) content reported in this fraction was 
72 %, being 17 % of this fiber soluble. This novel ingredient also showed high 
antioxidant capacity in vitro (48.6 mg eq. CGA/g).  
Husk aqueous extract contained 1.4 % of caffeine, 0.2 % of CGA and possessed 
antioxidant capacity in vitro (80.6 mg eq. CGA/g). Antioxidant properties of this extract 
at 1 mg/ml were also confirmed in human liver cells (HepG2). This is the first time that 
the antioxidant capacity of coffee husk extract is studied in human cellular models. This 
extract may be a potential agent for the prevention of cellular damage induced by 
oxidative stress. 
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Figure 1. Overview of coffee husk and parchment processing for their application as novel ingredients for human consumption or other 
applications of interest for the sustainability of the food industry. 
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Considering results obtained in this investigation and the inverted pyramid of food 
hierarchy proposed by the FAO (Introduction, page 32, Figure 1), the most preferred 
application for coffee husk is as two different food ingredients for human consumption. 
Other feasible applications of coffee husk are the production of biofuels, composts, 
animal feed and specific materials such as biosorbents, enzymes and chemicals (M. 
Dolores del Castillo et al., 2019). However, these applications do not make the most 
efficient use of this material and therefore, are less preferred for repurposing and 
recycling this coffee by-product.  
Results derived from the present investigation suggest that husk generated in the wet 
processing obtained after the depulping step should be dried in the sun to reduce its 
moisture to 10 %, as it is already carried out by a Spanish coffee company (Supracafé 
S.A.). Different drying methods, thermal and non-thermal, should be evaluated in order 
to prevent the occurrence of the Maillard reaction during processing (Michalska, Honke, 
Łysiak, & Andlauer, 2016). Recent preliminary data carried out by our research group 
have shown the presence of Maillard reaction products, such as melanoidins, in coffee 
husk obtained by the wet processing and dried in the sun for 21 days. These high 
molecular compounds seem to be the main contributor to the color and antioxidant 
properties of this by-product (unpublished data). Traces of acrylamide (86 μg/kg), a food 
processing contaminant generated by the Maillard reaction, have been also found in 
husk; thus it is of great importance to search for alternative drying methods to mitigate 
the appearance of this undesirable compound and to ensure the food safety of the new 
materials.  
After drying, the simple fractionation process carried out by aqueous extraction could 
be performed. The aqueous extract obtained from coffee husk enriched in 
phytochemicals might be used for techonological and health purposes. On the one hand, 
it could be used as a food preservative or as a food colorant. The natural food-colorant 
industry is growing 10 – 15 % annually, and awareness is increasing in developed 
countries about the harmful effects and consequences of using synthetic colorants. 
Coffee husk obtained from the wet coffee processing has been proposed as a potential 
source of anthocyanins for natural food colorants. In the wet process, coffee husk is 
removed before drying and its color is rapidly degraded by the action of enzymes or 
oxygen. As a result, large amounts of natural colorants are wasted (Hartati et al., 2012). 
Cyanidin 3-rutinoside was characterized as the most abundant anthocyanin, responsible 
for the red color observed in the outside of the fresh coffee berry (Murthy et al., 2012). 
Prata and Oliveira (2007) carried out the extraction of monomeric and polymeric 
anthocyanins in five varieties of coffee husk. There were no significant differences in 
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anthocyanin content among the studied varieties, and the average content of monomeric 
anthocyanins in husk was 19.2 mg of pigment per 100 g of fresh husk (Prata & Oliveira, 
2007). An appropriate management of this by-product, as to the drying the process, is 
necessary to preserve these compounds. Coffee husk possesses great potential as an 
economical source of natural colorants. 
On the other hand, the enriched extract obtained from coffee husk may be also used for 
healthy purposes. VDF FutureCeuticals Inc., a manufacturer of fruit, vegetable and grain 
ingredients, has been producing extracts from the coffee cherry for human health for 
over 10 years (“FUTURE CEUTICALS,” 1999). These extracts are proposed to be used 
to improve human health, specifically brain health, as ready-to-drink beverages, 
supplements or functional snaks. NeuroFactor™ is a natural, patented extract of whole 
coffee fruit that contains a unique polyphenol profile that has been shown in a clinical 
study to stimulate the production of Brain-Derived Neurotrophic Factor (BDNF), a key 
neuroprotein involved in overall brain health. BDNF has been widely reported to play a 
critical role in neuronal development, maintenance, repair and protection against neuro-
degeneration. Antioxidant properties of husk extract in human cellular models reported 
in the present investigation support the use of this extract in the prevention of cellular 
damage induced by oxidative stress. In this sense, coffee husk has been used to improve 
skin health, as a cosmetic ingredient, and it is said to be “skin-tightening, redness-
soothing properties and with super-antioxidant powers”. The application of coffee cherry 
extracts in skin-care products has been proposed by Miljkovic in 2011 in a US patent 
(Miljkovic, 2011). Nowadays, different skin-care products such as face creams, 
shampoos and body lotions containing extracts from coffee cherry are commercially 
available. Altogether, the aqueous extract obtained in this PhD thesis by a sustainable, 
low-cost and easy to scale-up process has great potential to be applied in food industry 
with both technological and health purposes.  
The extraction waste, the insoluble fraction obtained after the aqueous extraction of 
coffee husk, can also be repurposed in the food industry sector (Figure 1). This insoluble 
fraction is also generated during the elaboration of the commercially available “cascara” 
beverages (Jelderks & Zimmermann, 2017). Recent studies carried out by our reseach 
group have used this insoluble fraction in gluten-free breads to improve their nutritional 
and sensory quality (Rios, 2018). The Coffee Cherry Co. has also developed flour from 
coffee husk and it proposes its application as a food ingredient in different food matrices 
such as bakery products, ice-cream and sauces (“The Coffee Cherry Co.,” 2014). This 
company produces flour from the whole by-product, in contrast, we suggest to fraction 
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husk in two different ingredients to obtain more value and make a more efficient use of 
this coffee by-product.  
1.2. Parchment 
Aqueous extraction of parchment resulted in a very low extraction yield (2.3 %), 
therefore, it would be more appropriate to use it directly as one ingredient (Figure 1). 
Safety of this novel ingredient was confirmed in this investigation by the abscense of 
pesticides and mycotoxins (aflatoxin B1 and enniantin B). This by-product showed 
values of OTA (2.3 μg/kg) below the limit established by the European Commision (5 
μg/kg) (European Commission, 2005). Microbiological risks should always be avoided, 
therefore, a stabilization is step fundamental to guarantee the microbiological and 
physicochemical stability of biomaterials (Torres-León et al., 2018). Safety evaluation 
was completed by an acute toxicity study, which showed no adeverse effects or mortality 
after the administration of 2 g/kg b.w. of parchment to the animals (Chapter 1). To the 
best of our knowledge, this is the first time safety of coffee parchment is evaluated by in 
vivo toxicity studies.  
The insoluble fraction of prachment obtained after aqueous extraction presented high 
levels of insoluble dietary fiber (92 %). This fraction contained low levels of proteins (3 
%) and fat (0.3 %). It possessed less antioxidant capacity than the other coffee by-
products analyzed in this study, husk and silverskin.  
High levels of caffeine (58 mg/g) and low values of CGA (6 mg/g) were obtained in the 
small amounts of aqueous parchment extract obtained. This extract presented high 
antioxidant capacity in vitro (202 mg eq. CGA/g) and also reduced intracellular 
oxidative stress in human liver cells. Aguilera et al. (2019) also carried out an aqueous 
heat assisted extraction to obtain an extract enriched in phenolic compounds from coffee 
parchment. Their results demonstrated the need of milling parchment to promote the 
extractability of phenolic compounds, such as CGA, vanillic acid, protocatechuic acid 
and p-coumaric acid (Aguilera, Rebollo-Hernanz, Cañas, Taladrid, & Martín-Cabrejas, 
2019). 
Altogether, results obtained from Study 1 (Chapter 1) suggest the use of parchment 
directly as a dietary fiber. A very recent study also proposes parchment as a promising 
low-calorie functional ingredient for dietary fiber enrichment in foods with 
hypoglycemic and hypolipidemic properties (Benitez et al., 2019).  Results from this 
research showed that coffee parchment flakes possessed higher oil holding, water 
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holding, absorption and swelling capacities than parchment flour (Benitez et al., 2019). 
Previous preliminary studies carried out by our research group have evaluated the 
potential of coffee parchment fiber in gluten-free bread formulations. Enriched breads 
contained 6.25 % of parchment flour. The final gluten-free product had the nutrition 
claim “high in fiber” thanks to the supplementation with the coffee by-product flour and 
was accepted by consumers (Gonzalez, 2016). In addition, Cubero-Castillo et al. (2017) 
developed a cookie with 2 % of coffee parchment flour as a dietary fiber source and with 
antioxidant capacity. In this study, coffee parchment flour did not generate rejection on 
consumers which is a positive characteristic since dietary fiber from cereals has 
generally low acceptance (Cubero-Castillo, Bonilla-Leiva, & García-Velasques, 2017).  
Considering the inverted pyramid of food lossess and waste repurposing (Introduction, 
page 32, Figure 1), parchment could be as an ingredient for human consumption. 
Thermal processing is the most extensively used method of flour preservation to destroy 
microorganisms and to extend its shelf-life. But thermal processing increases the 
digestibility of foods with loss of certain heat-labile nutrients thus lowering the 
nutritional value (Demir & Elgün, 2014). Therefore, other methods used for flour 
stabilization are ultraviolet-C or infrared stabilization and gamma radiation (Demir & 
Elgün, 2014; Deora, 2018). These non-thermal methods had a positive effect on the total 
phenolic content and antioxidant capacity of wheat flour (Demir & Elgün, 2014). For 
this reason, flour from parchment should be treated (thermally or non-thermally) to 
ensure its safety and extend its shelf-life, as it is a common practice for the preservation 
of other flours (Demir & Elgün, 2014) (Figure 1). According to the Spanish Association 
of Cereal Technicians, the aim of flour stabilization is to inactivate lipase for the 
elimination of bitter taste, increase shelf-life, reduce microbial load, eliminate anti-
nutritional factors, improve sensory characteristics, increase fiber and control particle 
size (Fernandez-Vasallo, 2017).  
Taking into account results derived from infrared spectroscopy studies that confirmed 
the presence of cellulose and lignin as the major components in parchment (Chapter 1), 
the best use of this by-product seems to be as a source of cellulose for other industrial 
uses (Figure 1). In accordance to that patented by Joseph Apuzzo, we propose the use 
parchment as a source of cellulose for the production of cellulose-based materials such 
as coffee filters or food packaging (Apuzzo, 2017). Sun-dried parchment obtained after 
the hulling step could be processed to be converted into sustainable materials. Cellulose 
film packaging material is being increasingly used personal care, food and beverage 
industries (Barrett, 2019). Lignocellulosic fibers and lignin are two of the most important 
natural bioresources in the world and show great potential to improve biodegradability 
  Discussion 
 
265 
 
by replacing synthetic fibers in bioplastics. Lignin has showed the possibility to function 
as a plasticizer, stabilizer or bio-compatibilizer in bioplastics, making parchment a good 
candidate to be used in sustainable packaging (Yang, Ching, & Chuah, 2019). 
 
2. Coffee beans processing by-products generated worldwide 
2.1. Silverskin 
Coffee silverskin (CS) is considered one of the main coffee industry residues produced 
in coffee consuming countries and supposes a pollution hazard when discharged in high 
amounts into the environment (Mussatto, Machado, et al., 2011). In the past years, our 
research group has focused its research in the valorization of this by-product and the 
present PhD thesis aims to obtain the scientific basis needed to apply for the 
authorization of CS as a novel food ingredient (Chapter 2).  As for the by-products 
generated in coffee producing countries, we propose to carry out an aqueous extraction 
to CS generated during the roasting process of green coffee beans to generate two 
different food ingredients for human consumption: an aqueous extract enriched in 
nutrients and non-nutrient bioactive compounds (CSE) and an insoluble dietary fiber 
fraction.  
To ensure food safety of ingredients obtained from CS for human consumption, the 
presence of chemical, biological and processing contaminants was studied (Chapter 1). 
CSE showed absence of pesticides and negligible levels of mycotoxins that were below 
the quatification limit (< 0.3 μg/kg). Pesticides, aflatoxin B1 and enniantin B were 
neither found in the insoluble fraction of CS, but OTA was detected in this fraction in 
lower levels than those allowed by the European Commission (2.9 μg/kg) (European 
Commission, 2005). With regard to processing contaminants, CSE presented 489 μg/kg 
of acrylamide which is formed during the roasting process. Since acrylamide is a highly 
soluble compound, it was found in CSE but not in its insoluble fraction. The value of 
acrylamide reported in CSE is near the amount established by the European Commission 
for roasted coffee (400 μg/kg) and below that established for instant coffee (850 μg/kg) 
(European Commission, 2017). Mitigation strategies recommended by the European 
Commission for coffee products should be carried out in order to reduce the content of 
this compound in CSE (European Commission, 2017). Controlling roasting conditions 
is one of the main mitigation strategies for reducing the content of acrylamide en coffee. 
Alternative roasting procedures, such as Instantaneous Controlled Pressure Drop (DIC) 
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process, should be considered for preventing the formation of this compound. This 
procedure consists in heating wet material in an autoclave for a short period of time with 
saturated steam or microwaves, followed by a rapid expansion to a final pressure lower 
than 10 kPa. DIC is proposed as an alternative procedure to obtain a better quality of 
roasted coffee (Kamal, Sobolik, Kristiawan, Mounir, & Allaf, 2008). Conditions set 
during this procedure might reduce the formation of acrylamide in CS during coffee and 
this novel ingredient would not contribute to the daily acrylamide intake. Further 
investigations are needed to confirm this hypothesis.  
Further toxicological studies have been carried out for CSE during this PhD thesis. First, 
the absence of genotoxicity and cytotoxicity was confirmed when human liver cells (Hep 
G2) were treated with different concentrations of CSE (Chapter 2, Study 2). Our results 
also showed that CSE did not induce a significant increase of oxidation of purines and 
pyrimidines compared to the control. The study of the genotoxic potential is a basic 
component in the chemical risk assessment (Louis Bresson et al., 2016).  
Regarding in vivo toxicity studies, single oral administration of CSE at 2 g/kg b.w. 
showed no signs of toxicity, abnormal behavior or mortality (Chapter 1, Study 1). In 
addition, repeated oral administration of CSE at a dose of 1 g/kg for a period of 28 days 
was also not toxic to the animals (Chapter 2, Study 3). None of the analyzed parameters 
indicated in the OECD Test Guidelines 407 for Repeated Dose 28-day Oral Toxicity 
Study in Rodents showed significant differences between treated and control rats. To the 
best of our knowledge, this is the first time the toxicity of CSE has been studied at three 
different levels, genomic, cellular and in vivo.   
Considering the data obtained from the nutritional characterization of CSE (Chapter 2, 
Study 3), this extract has great potential for its use as a novel food ingredient. It can be 
considered a ‘source of proteins’, ‘low in fat’ and ‘high in fiber’ since it contains over 
12 g/100 g of proteins, less than 3 g/100 g of fat and more than 6 g/100 g of dietary fiber, 
respectively (The European Parliament and The Council of the European Union, 2006).  
To the best of our knowledge, this is the first time that the amino acid profile of CSE has 
been reported and the amount of essential amino acids (34 – 37 %) makes it a good 
source of indispensable amino acids. The fatty acid profile and amount of soluble simple 
carbohydrates composing CSE was in accordance to that previously reported by other 
authors for CS (Bessada, Alves, Costa, Nunes, & Oliveira, 2018; A. S. G. Costa et al., 
2018; Toschi et al., 2014). Considering the insoluble fraction of CS, it contained the 
remaining 70 % of dietary fiber, being most of it insoluble. This fraction also presented 
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10 – 20 % of proteins and around 3 % of fat, depending on the species. In vitro 
antioxidant properties were also reported in this fraction (Chapter 1).  
With regard to the micronutrients composing CSE, this extract can also be considered a 
source of potassium, magnesium, calcium and vitamin C, since values of these 
micronutrients present in CSE represent a 15 % of the recommended allowance per 100 
g of product (European Council, 1990). CSE is also a sustainable source of non-nutrient 
bioactive compounds such as CGA (9.4 mg/g) and caffeine (24 mg/g) (Chapter 1, Study 
1).  
The potential health promoting properties of CSE previously reported by our research 
group are reviewed in Annex 1. The present investigation has studied further health 
promoting properties. The antioxidant capacity of CSE was once again proved in vitro 
(Chapter 1) and this extract also showed antioxidant capacity at a genomic level (Chapter 
2, Study 2). CSE protected against benzo(a)pyrene (B(a)P) induced DNA damage, strand 
breaks and oxidized purines and pyrimidines, in HepG2 cells. CSE showed higher 
protective effect against B(a)P-induced oxidative DNA damage compared to that 
observed for the strand breaks, possibly due to its well-known antioxidant capacity. Free 
CGA of linked to other chemical structures seemed to be a contributor of the observed 
chemoprotective effect of CSE. Antioxidant properties of CSE were also reported at a 
cellular level, physiological ROS levels were significantly reduced (p < 0.05) when 
human liver cells were treated with CSE at 1 mg/ml (Chapter 1, Study 1).  
In healthy Wistar rats treated with CSE 1 g/kg b.w. for 28 days antioxidant biomarkers 
did not show differences compared to non-treated animals (Chapter 2, Study 3). Further 
antioxidant capacity analysis in different organs or other studies evaluating higher doses 
of CSE should be conducted.  A previous in vivo study carried out by our research group 
demonstrated a specific chemo-protective effect of CSE in pancreatic tissue, probably 
associated with its antioxidant capacity (Fernandez-Gomez, Lezama, et al., 2016). Daily 
administration of CSE at 50 mg/kg b.w., for 35 days previous to the induction of diabetes 
with the diabetogenic agent streptozotocin reduced pancreatic oxidative stress and 
protein damage. Results derived from this study suggest that caffeine in CSE was 
metabolized and the metabolites protected the pancreas against oxidative stress 
(Fernandez-Gomez, Lezama, et al., 2016). Therefore, the use of CSE for the prevention 
and treatment of metabolic syndrome was patented by our research group in 2016 
(WO/2016/097450, 2016).  
The major component in CSE is dietary fiber (22 %). Fermentation of dietary fiber 
releases short chain fatty acids (SCFAs), which modulate genes and proteins involved 
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in anti-inflammatory processes (Meijer, De Vos, & Priebe, 2010). Fiber fermentability 
of CSE was demonstrated when total SCFAs significantly increased (p < 0.05) in feces 
of male rats treated with CSE (1 g/kg b.w.) for 28 days compared to male control animals 
(Chapter 2, Study 3). The prebiotic properties of CS have been previosuly described and 
have demonstrated that CS preferentially supports the bifidobacteria growth in vitro, 
suggesting that its consumption may have some prebiotic effects (Borrelli et al., 2004). 
Altogether, we propose to apply the biorefinery approach, “a sustainable processing of 
biomass into a spectrum of marketable products and energy”, to the CS generated during 
the roasting process (Imbert, 2017). An easy, sustainable and low-cost water extraction 
is suggested for the obtainment of two novel ingredients for human consumption: an 
enriched extract with potential health promoting properties and an insoluble fraction 
with antioxidant dietary fiber (Figure 2).   
Based on its nutritional and chemical composition, the enriched aqueous extract could 
be used as a food ingredient for human consumption within the concept of a healthy diet 
to maintain health and well-being (World Health Organization (WHO), 2015). This 
would be a more efficient use and would add value to this by-product, which is in line 
with that described for food losses and waste recycling by the FAO (Introduction, Figure 
1). CSE could be consumed as a food supplement or it could be added to the most 
suitable food matrix considering sensory acceptance of consumers. Our research group 
patented (Patent No. WO 2013/004873) in 2013 its use in food and cosmetic applications 
(María Dolores del Castillo et al., 2013). Studies regarding food applications in 
beverages (Martinez-Saez et al., 2014) or biscuits (Garcia-Serna et al., 2014), and the 
bioactivity of this extract as an anti-diabetic agent (Fernández-Gómez, 2016) have been 
previously published. This thesis provides novel information regarding the nutritional 
composition and safety aspects of CSE at different levels in order to be used as a food 
ingredient. This information is of great relevance to apply for the Novel Food 
Authorization following the Regulation (EU) 2015/2283 (Annex 2). 
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Figure 2. Sustainable strategy for the full recovery of coffee silverskin generated worldwide during the roasting process for human consumption 
and other industrial uses.  
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The potential of CSE as a cosmetic ingredient has also been studied in human skin cell 
lines and in Caenorhabditis elegans. CSE (1 mg/ml) significantly increased longevity in 
nematodes exposed to UVC compared to those cultured on a standard diet. In addition, 
CSE at 1 mg/ml increased resistance to skin cells exposed to tert-butyl hydroperoxide 
(t-BOOH) induced oxidative stress. The antiaging properties of CSE observed in this 
study may be due to its antioxidant character derived from phenolics (presumably caffeic 
acid) among other bioactive compounds present in the botanical material (Annex 3). 
Therefore, CSE extracts have the potential to be used as an antiaging ingredient in skin 
cosmetic products to reduce the oxidative stress and improve skin health. Taking into 
account the promising antioxidant and antiaging properties observed in this 
investigation, in 2017 CSE has been recognized as a cosmetic ingredient as “Water (and) 
Coffea Arabica/Robusta Chaff Extract” by the International Cosmetic Ingredient 
Nomenclature Committee (Annex 4). 
The insoluble fraction remaining from the aqueous extraction of CS can also be used as 
a different food ingredient rich in dietary fiber with the final aim of recovering the whole 
by-product avoiding the generation of new wastes (Chapter 1). In previous studies, CS 
dietary fiber has been added to biscuits to improve their nutritional quality (Garcia-Serna 
et al., 2014). Another alternative for the use of CS insoluble fraction is for producing 
polylactic acid (PLA) as a replacement for synthetic polymers (Fahim, Chbib, & 
Mahmoud, 2019). The isolation and purification of cellulose from CS has been carried 
out and results showed the great potential of CS as a new source of cellulose for 
sustainable packaging (Alghooneh, Mohammad Amini, Behrouzian, & Razavi, 2017).  
2.2. Spent coffee grounds 
Spent coffee grounds (SCGs) are the other by-product distributed worldwide generated 
after the brewing process. Previous research has studied the potential of this by-product 
as a food ingredient (Rocio Campos-Vega et al., 2015; PCT/ES2014/070062, 2014; 
Martinez-Saez, Tamargo García, et al., 2017). New information on safety, nutritional 
value and bioactivity of SCGs is reported in the present PhD thesis.  
Food safety of SCGs was evaluated by the determination of mycotoxins (Chapter 3). 
Aflatoxin B1 and enniantin B were not found and OTA levels (2.3 μg/kg) were under 
that established by the European Commission (European Commission, 2005). In 
addition, a single oral administration of SCGs at 2 g/kg b.w. resulted in no visible signs 
of toxicity, abnormal behavior or mortality. Neither the repeated intake of SCGs at a 
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dose of 1 g/kg b.w. for 28 days was noxious to the animals. To date, no other studies 
have analyzed mycotoxins or the in vivo toxicity of SCGs.  
This coffee by-product is considered a source of dietary fiber (PCT/ES2014/070062, 
2014). The second main component present in SCGs is fat. Lipid content of SCGs was 
22 %, being palmitic (62.58 mg/g), stearic (14.76 mg/g), oleic (20.38 mg/g), linoleic 
(87.36 mg/g), and arachidic (6.68 mg/g) acids the main fatty acids found in this by-
product. A total of 56 % of the total fatty acids were unsaturated. Higher amounts of 
polyunsaturated fatty acids (PUFAs) than saturated fatty acids (SFAs) in oil is 
recognized as being more positive for human health (Acevedo et al., 2013). In addition, 
the PUFA/SFA ratio >1 is positive for the reduction of serum cholesterol and 
atherosclerosis and prevention of heart diseases (Rocio Campos-Vega et al., 2015). In 
the present PhD thesis the bioaccessibility, metabolism and physiological effects related 
to this lipid fraction were also evaluated.  
A total of 77 % of unsaturated fatty acids and low amounts of kahweol (7.09 µg/g) and 
cafestol (414.39 µg/g) were bioaccessible after in vitro digestion of SCGs. A 
significantly lower (p < 0.1) accumulation of lipids in the liver and a higher excretion of 
them in feces was found in rats treated with SCGs for 28 days. In addition, SCGs acutely 
accelerated intestinal motility in rats. Therefore, SCGs might be considered a 
sustainable, safe and healthy food ingredient with potential for preventing hepatic 
steatosis due to their effect as dietary fiber with a high fat-holding capacity. Studies 
suggest that insoluble fiber may play an important role for weight loss during 
consumption of a high-fat diet by adhering fat to its complex structure, and it has been 
inversely associated with the risk of type 2 diabetes (Du et al., 2010; Meyer et al., 2000). 
In Europe, most of the SCGs are currently being incinerated or disposed of in landfills 
(Mata, Martins, & Caetano, 2018). The economic and environmental costs of disposing 
of SCGs are undesirable, for this reason alternative applications for repurposing SCGs 
are needed (McNutt & He, 2019). The potential applications for SCGs, from the most to 
the least preferred option considering the food waste hierarchy proposed by the FAO 
(Introduction, Figure 1), that are currently being researched are as follows:  
1. Nutraceuticals. SCGs have been proposed as a protective agent against the 
onset and of chronic inflammatory diseases, such as inflammatory bowel disease 
and rheumatoid arthritis. This protective effect is associated to metabolites 
produced by colonic fermentation of SCGs (SCFAs), which exhibited strong 
antiinflammatory potential by suppressing nitric oxide production and inhibiting 
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inflammatory mediators such as IL-10, CCL-17, CXCL9, IL-1β, and IL-5 
cytokines (López-Barrera et al., 2016). 
2. Food ingredient. Our research group has patented the use of SCGs as a food 
ingredient rich in antioxidant diertary fiber for bakery products. This ingredient 
could be directly applied in the manufacture of pastry and confectionery foods 
such as bread, cookies, and breakfast cereals, among others, making it a simple, 
low-cost alternative (PCT/ES2014/070062, 2014; Martinez-Saez, Tamargo 
García, et al., 2017).  
3. Novel beverages. A distilled beverage with a coffee aroma has been developed 
by aqueous extraction of aromatic compounds from SCGs, supplemented with 
sugar and the production of ethanol (Sampaio et al., 2013). 
4. Food preservative. The addition of SCGs to meat and other foods has been 
shown to provide antioxidant properties inhibiting lipid oxidation, and also 
antimicrobial properties reducing pathogenic bacterial growth and, therefore, 
spoiling of food (Jiménez-Zamora et al., 2015).  
5. Skincare products. An emulsion containing 35 % of oil extracted from SCGs 
presented promising characteristics as a sunscreen. This formulation is 
industrial-scalable and suitable for topical use according to the rheological, 
mechanical and safety assessment (Marto et al., 2016). 
6. Animal feed. SCGs may be used as an alternative to conventional feed 
ingredients because of their nutrient composition and relatively low cost (Seo, 
Jung, & Seo, 2015). 
7. Biodiesel. It is one of the most popular research topics surrounding SCGs for 
energy use. It consists of first extracting the oils present in SCGs, and 
transesterifying them into Fatty Acid Methyl Esters (FAME), commonly 
referred to as biodiesel (Rocha et al., 2014).  
8. Bioethanol. The oil-free SCGs from biodiesel production can be reused as a 
source of carbohydrates for ethanol production by fermentation (Rocha et al., 
2014). 
9. Solid biofuel. SCGs can be used alone or mixed with other biomasses such as 
pine sawdust and then this mixture can be submitted to pelletization. Pellets 
produced from SCGs were comparable to other biomass materials, but still had 
higher particle emissions than alternatives such as pure sawdust (Limousy, 
Jeguirim, Labbe, Balay, & Fossard, 2015).   
10. Composting and fertilizer. Direct application of SCGs to soils has been found 
to be damaging due to its high C/N ratio, phenol content and acidity. Positive 
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results have been obtained from studies on the effect of mixing SCGs with other 
organic wastes in different ratios (Ronga, Pane, Zaccardelli, & Pecchioni, 2016). 
11. Materials for construction industry. SCGs have been mixed with other waste 
materials such as recycled glass, bagasse ash or fly ash in order to produce 
materials with high compressive strengths, suitable for use as a subgrade 
material (Arulrajah, Kua, Horpibulsuk, Mirzababaei, & Chinkulkijniwat, 2017).  
12. Bioplastics. Triglycerides extracted from SCGs using a green chemistry 
approach, based on supercritical CO2 extraction, seem to be promising 
candidates for the production of bioplastics (Williamson & Hatzakis, 2019). 
13. Adsorbent of contaminants. SCGs have been proven to be an effective 
adsorbent for a wide range of contaminants such as metal ions, dyes and 
bioactive compounds present in water (McNutt & He, 2019). 
SCGs are currently being underutilized but considerable amount of research is being 
conducted in this field. Some of these applications have led to the commercialization of 
different products. For instance, the German company Kaffeeform reuses SCGs from six 
servings of coffee to make a coffee cup and saucer (“KAFFEE FORM,” 2015). SCGs 
are also being commercially used in the production of sustainable yarn for clothing and 
for the elaboration of coffee-infused recycled polyester socks for odor control (Chen, 
2009; Massachusetts Institute of Technology, 2010). A UK-based green energy firm, 
Bio-bean, recycles SCGs and turns them into “Coffee Logs” as a solid biofuel for multi-
fuel stoves or to be used in barbecues (Bio-bean, 2013). Another English company, 
Greencup, transforms 200 - 300 tons of SCGs each year into 100% organic fertilizer 
(Fairweather, n.d.). Interestingly, in UK, Jeweller Rosalie McMillan creates pieces 
containing 70 % recycled coffee grounds, collected mostly from offices in London 
(McMillan, 2014). The most predominant commercially available SCGs based products 
are materials used for different applications. The present PhD thesis supports the use of 
SCGs as a food ingredient to make a more efficient use of this by-product and add more 
value to it. 
Whatever the application, to be useful, the product has to loose great part of its moisture 
content. In the soluble coffee industry, for each ton of final product, 0.91 ton of SCGs 
are produced with a moisture level of 55 - 80 % (Gómez-De La Cruz, Cruz-Peragón, 
Casanova-Peláez, & Palomar-Carnicero, 2015). For higher burning efficiency of 
biomass or to ensure food safety, it is important to have significantly reduced the 
moisture level of SCGs (Corrêa, Santos, Fonseca, & Carvalho, 2014). Different drying 
procedures have been proposed to reduce moisture in SCGs, such as rotary drum dryer 
or cyclonic dryer (Cherry, 1974; Corrêa et al., 2014).  
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Altogether, we suggest to give different applications to SCGs depending on their origin 
(Figure 3). SCGs from the instant coffee industry, which has a controlled and 
standardized production process, may be directly used wet or dry as a food ingredient 
for human consumption. Special attention must be paid to the appearance of biological 
contaminants during the storage of SCGs, thus a drying step should be added in the 
repurposing process. SCGs generated in local restaurants or cafeterias (non-industrial) 
may be used for other purposes such as production of biofuels or biomaterials, also after 
a drying step. In this case, there would be no need to manage the by-product so carefully. 
The large amount of SCGs produced worldwide require several applications to diversify 
and contribute to the sustainability of the coffee industry. This investigation aimed to 
contribute to achieve this goal. 
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Figure 3. Five proposed applications for industrial and non-industrial spent coffee grounds (SCGs). 
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The consumption of new products within the European Union is a challenge in all 
countries, due to the need to ensure their safety. As the Regulation (EU) 2015/2283 
states, “the free circulation of healthy and safe food products is an essential aspect of the 
domestic market as it greatly contributes to the health and well-being of the European 
citizens, as well as being in Europe’s social and economic interest”. This Regulation 
gives guidance to food businesses to easily bring new and innovative foods to the EU 
market, while maintaining a high level of food safety for European consumers (Diaz, 
2019). This regulation should be followed in order to use coffee by-products as novel 
food ingredients.  
The procedure of the Novel Food application starts whenever an applicant who is 
responsible for the introduction of a specific Novel Food sends an application to the 
European Commission (EC) (Figure 4). This will be included directly by the EC in the 
published list of applications and there is no intervention of any Member State during 
the application evaluation process. Then, the EFSA gives its opinion on the possible 
effects of the novel food on human health. The EFSA shall adopt its opinion within nine 
months from the date of receipt of a valid application. Within seven months from the 
date of publication of the EFSA’s opinion, the Commission shall submit a draft 
authorising the placing on the market within the Union of a novel food and updating the 
Union list (The European Parliament and The Council of the European Union, 2015). 
The Union List of Authorized Novel Foods is a positive list containing all authorized 
novel foods added by means of Commission Implementing Regulations. Once a novel 
food is added to the Union list, it is automatically considered as being authorized and it 
can be placed in the European Union market.  
Figure 4. Novel Food Authorization workflow.  
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2.3. Isolated biomolecules from coffee by-products 
Coffee melanoidins are being proposed as biomolecules possessing several health 
promoting properties (Mesías & Delgado-Andrade, 2017). Therefore, the high molecular 
weight fraction enriched in melanoidins was isolated from by-products generated after 
the roasting process, CS and SCGs. These by-products might be a sustainable alternative 
source of melanoidins (Mesías & Delgado-Andrade, 2017).  Two extracts enriched in 
melanoidins and free of acrylamide were obtained from CS and SCGs by ultrafiltration 
(> 10 kDa) (Chapter 4, Study 5). Structural analyses identified melanoidins in the high 
molecular weight fraction of both by-products, and SCGs spectrum was also composed 
by a protein component. Both extracts showed antioxidant capacity in vitro and proteted 
human colon cells against induced oxidative stress.  
To facilitate the structural and functional characterization of melanoidins from CS, we 
focused our attention on the optimization of the isolation process of melanoidins from 
this by-product (Chapter 4, Study 6). In this study, additional washing steps, diafiltration, 
were performed after ultrafiltration, low molecular weight compounds such as caffeine 
and chlorogenic acid could be eliminated. The isolated melanoidin fraction (MEL) was 
mainly composed by dietary fiber (75 %), melanoidins (15 %), proteins (2 %) and low 
levels of chlorogenic acids (0.2 %) and caffeine (0.1%). Such low caffeine content in 
MEL does not limit its use as a food ingredient in any population group (European Food 
Safety Authority (EFSA), 2015). Results suggest that MEL is mainly composed of 
polysaccharides, which is in accordance to that described for melanoidins of coffee 
beverages (Moreira et al., 2017). 
With regard to the bioactivity of MEL obtained in this study, it showed antioxidant 
capacity in vitro and was effective against induced oxidative stress in rat intestinal cell 
lines. In addition, the fiber effect was confirmed in vivo when rats treated with MEL for 
28 days showed an acceleration of the intestinal transit compared to control animals 
(Chapter 4, Study 6).  
The potential role of dietary fiber in the prevention of diet-related chronic diseases is 
linked to the production of SCFAs from their fermentation by colonic bacteria, which 
can contribute to regulating the secretion of gastrointestinal hormones involved in satiety 
and appetite control, such as glucagon-like peptide-1 (GLP-1) and ghrelin (Barczynska 
et al., 2015; Martinez-Saez, Hochkogler, et al., 2017; Sleeth, Thompson, Ford, Zac-
Varghese, & Frost, 2010; St-Pierre et al., 2009). These effects have been described in in 
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vivo studies in animal models (Delzenne, Cani, Daubioul, & Neyrinck, 2005) and human 
intervention trials (Tarini & Wolever, 2010).  
Besides employing these biomolecules for nutritional and health (dietary fiber effect) 
purposes, melanoidins have also the potential to be used as a natural food colorant with 
antioxidant properties (Garcia-Serna et al., 2014; Guglielmetti, Fernandez-Gomez, 
Zeppa, & del Castillo, 2019). The use of caramel colorants accounts for more than 80 % 
by weight of colorants used in the food manufacturing industry (Zhang, Tao, Wang, 
Chen, & Wang, 2015). Melanoidins may be a sustainable alternative food colorant with 
health promoting properties.  
In summary, data from this PhD thesis validate the use of the four coffee by-products in 
the food industry to contribute to a sustainable nutrition and health for the global 
population. The most preferred application of husk is for human consumption used 
directly or recovered as two ingredients: an aqueous extract enriched in bioactive 
compounds and a gluten-free fiber (Figure 5).  However, parchment is mainly proposed 
as a material for sustainable and intelligent food packaging. The antioxidant insoluble 
fiber present in parchment is an excellent candidate to replace plastic and to preserve 
food during its storage. In order to avoid fires caused by the combustion of coffee 
silverskin in the roasters, this by-product can be removed, milled and used directly as a 
gluten free flour or as a material for plastic replacement. The limitation of using CS 
directly as a flour is the sensorial acceptance (smoked flavor) of the final product. 
Therefore, studies from this investigation propose the full recovery of CS in two novel 
sustainable and safe food ingredients obtained by aqueous extraction (bioactive extract 
and fiber fraction). This by-product is also a source of bioactive biomolecules, 
melanoidins, with potential to be used as a natural colorant or as an ingredient with health 
promoting properties, such as dietary fiber effect. Finally, industrial SCGs are also 
proposed to be used for human consumption while non-industrial SCGs may be 
repurposed in in other industrial uses.  
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Figure 5. The most preferred applications for coffee by-products to contribute to the 
sustainability of the coffee industry, to reduce their environmental impact and to achieve a 
sustainable nutrition and health for the global population.  
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CONCLUSIONS 
Results derived from the present PhD thesis led to the following conclusions: 
1. Coffee husk can be converted into two novel safe food ingredients containing 
nutrients and non-nutrient bioactive compounds. The fractioning procedure is a 
sustainable, simple, green and easy to scale-up process by the coffee industry 
achieving a whole waste recovery and avoiding new investment. An enriched extract 
with multifunctional properties and an insoluble fraction composed mainly by 
dietary fiber with different structure and function (soluble and insoluble) were 
obtained.  
 
2. Coffee parchment is mainly composed (92 %) by insoluble dietary fiber such as 
cellulose and lignin. It can be used as a single food ingredient being a natural, safe 
and sustainable source of antioxidant dietary fiber after a sole stabilization/sanitation 
process. The use of this by-product for plastic replacement in the food industry is 
also feasible and of great interest.  
 
3. Coffee silverskin can be repurposed in two safe and sustainable ingredients: an 
aqueous extract (CSE) composed by nutrients and non-nutrients with health 
promoting properties and an insoluble fraction enriched in dietary fiber (soluble and 
insoluble). Full recovery of the by-product as food ingredients represents an 
important advantage against its incineration, which is a common practice.  
 
4. CSE safety was proved by genotoxicity, cytotoxicity, acute (2 g/kg b.w.) and 
repeated dose (1 g/kg b.w.) toxicological studies. The extract has particular 
beneficial nutritional properties, consequently it can be repurposed as a novel food 
ingredient with the following nutrition claims: source of proteins, potassium, 
magnesium, calcium and vitamin C, low in fat and high in fiber. It resulted as a 
chemopreventive agent against benzo (a) pyrene. The supplementation of the diet of 
healthy animals with CSE did not affect key physiological functions (hormone 
secretion, antioxidant status and anti-inflammatory biomarkers). Its dietary fiber was 
fermented in vivo giving rise to short chain fatty acids (SCFAs).  
 
5. Instant spent coffee grounds (SCGs) safety was validated by mycotoxins analysis, 
acute and repeated treatments of Wistar rats. Fiber and fat are the major components 
of SCGs. They acutely accelerated intestinal motility in rats. Most of the saturated 
fatty acids and diterpenes (cafestol and kahweol) composing SCGs were not 
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bioaccesible after in vitro digestion. Therefore, SCGs can be considered a 
sustainable, safe and healthy food ingredient with potential for preventing hepatic 
steatosis due to their effect as dietary fiber with a high fat-holding capacity. 
 
6. Melanoidins, isolated biomolecules from CSE and SCGs (>10 kDa), showed 
antioxidant properties in vitro and in human colon cell lines. They might be defined 
as “Maillardized antioxidant dietary fiber”. Isolated CSE fraction enriched in 
melanoidins (1 g/kg b.w.) accelerated intestinal transit in rats.  
 
7. Prior to the routine and large-scale development of food ingredients, coffee by-
products (husk, parchment, silverskin and spent coffee grounds) must be certified 
for food safety by the analysis of chemical (pesticides), biological (microorganisms 
and mycotoxins) and processing contaminants (acrylamide). 
In summary, the present PhD thesis showed the feasibility of using coffee by-products 
as sustainable and safe novel ingredients composed by nutrients and non-nutrient 
bioactive compounds. Enough scientific basis for the validation and authorization by the 
regulatory bodies of husk, CSE and SCGs as Novel Foods has been obtained during this 
investigation. The use of coffee by-products as novel ingredients contributes to the 
sustainability of the coffee sector, to the reduction its negative environmental impact, to 
an efficient use of natural resources and to achieve a sustainable nutrition and health for 
global population.  
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CONCLUSIONES 
Los resultados derivados de la presente tesis doctoral llevaron a las siguientes 
conclusiones:  
1. La cáscara de café se fraccionó en dos nuevos ingredientes alimentarios seguros, 
sostenibles y compuestos por nutrientes y no-nutrientes bioactivos. El proceso para 
su fraccionamiento es sostenible, simple, ecológico y fácil de escalar a nivel 
industrial, logrando una recuperación total del subproducto y sin necesidad de 
nuevas inversiones para el sector cafetero. Se obtuvo un extracto enriquecido con 
propiedades multifuncionales y una fracción insoluble compuesta principalmente 
por fibra dietética con diferente estructura y función (soluble e insoluble). 
 
2. El pergamino, tras un único paso de estabilización/higienización, se propone como 
un único ingrediente alimentario fuente natural, segura y sostenible de fibra dietética 
antioxidante. Este está compuesto principalmente (92 %) por fibra dietética 
insoluble tales como la celulosa y la lignina. El uso de este subproducto para la 
sustitución del plástico en la industria alimentaria también es factible y de gran 
interés. 
 
3. La cascarilla de café se reconvirtió en dos ingredientes alimentarios seguros y 
sostenibles: un extracto acuoso compuesto por nutrientes y no-nutrientes con 
propiedades promotoras de la salud y una fracción insoluble enriquecida en fibra 
dietética (soluble e insoluble). La recuperación total del subproducto como 
ingredientes alimentarios representa una ventaja importante frente a su incineración, 
que es la práctica habitual. 
 
4. El extracto acuoso de cascarilla de café (CSE, sus siglas en inglés) es seguro como 
ingrediente alimentario. Los resultados de genotoxicidad, citotoxicidad, toxicidad 
aguda (2 g/kg p.c.) y toxicidad de dosis repetidas (1 g/kg p.c.) de la presente memoria 
avalan este hecho. El extracto tiene una composición nutricional particular y se le 
pueden asignar las alegaciones: fuente de proteínas, potasio, magnesio, calcio y 
vitamina C, bajo en grasas y alto en fibra. CSE presenta potencial quimiopreventivo 
contra el benzo (a) pireno. La suplementación de la dieta de animales sanos con este 
extracto no afecta funciones fisiológicas clave (secreción hormonal, estado 
antioxidante y biomarcadores antiinflamatorios). La fibra dietética presente en CSE 
se fermenta in vivo dando lugar a ácidos grasos de cadena corta (SCFAs, sus siglas 
en inglés). 
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5. Los posos del proceso de obtención del café instantáneo (SCGs, sus siglas en inglés) 
son seguros como ingrediente alimentario atendiendo a los resultados obtenidos 
mediante el análisis de micotoxinas, y estudios de toxicidad aguda y de dosis 
repetidas en ratas Wistar. La fibra y la grasa son los principales componentes de los 
posos. La ingesta de una única dosis de SCGs (1 g/kg p.c.) acelera la motilidad 
intestinal en ratas. La mayor parte de los ácidos grasos saturados y diterpenos 
(cafestol y kahweol) que componen los SCGs no están bioaccesibles después de la 
digestión in vitro. Por tanto, los SCGs pueden considerarse como un ingrediente 
alimentario sostenible, seguro y saludable con potencial para prevenir la esteatosis 
hepática debido a su efecto como fibra dietética con una alta capacidad de retención 
de grasa. 
 
6. Las melanoidinas, biomoléculas aisladas de CSE y SCGs (> 10 kDa), presentan 
propiedades antioxidantes in vitro y en líneas celulares de colon humano. Se pueden 
definir como "fibra dietética antioxidante Maillardizada". La fracción aislada de 
CSE enriquecida en melanoidinas (1 g/kg p.c.) acelera el tránsito intestinal en ratas. 
 
7. La materia prima previo a la obtención rutinaria y a gran escala de ingredientes 
alimentarios a partir de subproductos del café (cáscara, pergamino, cascarilla y 
posos) debe ser certificada para garantizar su seguridad alimentaria mediante 
análisis de contaminantes químicos (pesticidas), biológicos (microorganismos y 
micotoxinas) y del procesado (acrilamida).  
En conclusión, la presente tesis doctoral muestra la viabilidad de los subproductos del 
café como nuevos ingredientes sostenibles, seguros y compuestos por nutrientes y no-
nutrientes bioactivos. La presente investigación aporta la base científica suficiente y 
necesaria para la validación y autorización por parte de los organismos reguladores de 
la cáscara, CSE y SCGs como “Nuevos Alimentos”. El uso de subproductos del café 
como nuevos ingredientes contribuye a la sostenibilidad del sector cafetero, a la 
reducción de su impacto negativo en el medioambiente, a la mejor utilización de sus 
recursos naturales y a lograr una nutrición y salud sostenibles para la población mundial.
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4. A. Iriondo-DeHond. “Validación de co-productos del cultivo de café como 
ingredientes alimentarios”. Avances en la Ciencia y Tecnología del Café II, 15th 
– 17th May 2019. Bogotá Colombia. Oral presentation. 
5. M.B. Ríos, A. Iriondo-DeHond, M. Iriondo-DeHond, M. Spaggiari, D. Arias, 
M.J. Callejo, M.D. del Castillo.  “Coffee cascara gluten-free bread: a healthy 
lipid profile?”. XXIII Jornadas de Nutrición Práctica, 3rd – 4th April 2019. 
Madrid, Spain. Poster. 
6. S. Tores De La Cruz, A. Iriondo-DeHond, T. Herrera, Y. Lopez-Tofiño, R. 
Abalo, M.D. del Castillo. “Aislamiento de melanoidinas de cascarilla de café y 
evaluación de su bioactividad in vitro e in vivo.” III Jornadas Científicas CIAL 
Fórum. 22nd – 23rd November 2018. Instituto de Investigación en Ciencias de la 
Alimentación (CIAL, UAM-CSIC), Madrid, Spain. Oral presentation. 
7. M. Iriondo-DeHond, A. Iriondo-DeHond, T. Herrera, C.O. Sorzano, E. Miguel, 
M.D. del Castillo. “Randomized crossover nutritional trial of yogurts containing 
dietary-fiber and coffee cascara extract in healthy adults”. XII Congreso de la 
Sociedad Española de Nutrición Comunitaria (SENC), IV World Congress of 
Public Health and Nutrition, 24th – 27th October 2018. Madrid, Spain. Poster. 
8. A. Iriondo-DeHond, B. Ramírez, F. Velázquez Escobar, M.D. del Castillo. 
“Characterization and bioactivity of enriched fractions of melanoidins obtained 
from coffee by-products”. XII Congreso de la Sociedad Española de Nutrición 
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Comunitaria (SENC), IV World Congress of Public Health and Nutrition, 24th – 
27th October 2018. Madrid, Spain. Poster. 
9. A. Iriondo-DeHond, N. Aparicio García, B. Fernandez-Gomez, E. Guisantes 
Batan, F. Velazquez Escobar, G.P. Blanch, M.I. San Andres, S. Sanchez-Fortun, 
M.D. del Castillo. “Food waste recovery for health sustainability. Coffee case.” 
5th International ISEKI_Food Conference, 3rd - 5th July 2018. Stuttgart, 
Germany. Oral presentation. 
10. A. Iriondo-DeHond, S. Sanchez-Fortun, M.I. San Andres, M.D. del Castillo. 
“Data for the validation of coffee silverskin extract as a novel food ingredient”. 
5th International ISEKI_Food Conference, 3rd - 5th July 2018. Stuttgart, 
Germany. Poster. 
11. A. Iriondo-DeHond, H.M. Abdolmaleky, J.R. Zhou, M.D. del Castillo. 
“Assessment of antioxidant and anti-inflammatory effects of coffee by-product 
extracts in a cellular model of diabetic nephropathy”. XXII Jornadas de 
Nutrición Práctica, 11th – 12th April 2018. Madrid, Spain. Poster. 
12. M. Iriondo-DeHond, J.M. Blázquez, M. Guzmán, A. Iriondo-DeHond, M. D. 
del Castillo, E. Miguel. “Sustainable functional yogurts for chronic disease 
prevention” 31st EFFoST International Conference, 13th – 16th November 2017. 
Barcelona, Spain. Poster. 
13. R. Abalo, G. Vera, A. Iriondo-DeHond, L. Lopez-Gomez, J.A. Uranga, M.D. 
del Castillo. “Spent coffee grounds activate intestinal motility and are safe upon 
chronic treatment. Radiographic and histological study in rats”. 22th 
International Conference of FFC - 10th International Symposium of ASFFBC: 
“Functional and Medical Foods for Chronic Diseases: Bioactive Compounds 
and Biomarkers”. 22nd -23th September 2017. The Joseph B. Martin Conference 
Center at Harvard Medical School, Boston, USA. Poster. 
14. M.D. del Castillo, F. Santillan-Cornejo, B. Fernandez-Gomez, A. Iriondo-
DeHond, G. Vera, R. Abalo. “Lipid biomarkers for validation of spent coffee 
grounds as a healthy dietary fiber”. 22th International Conference of FFC - 10th 
International Symposium of ASFFBC: “Functional and Medical Foods for 
Chronic Diseases: Bioactive Compounds and Biomarkers”. 22nd -23th September 
2017. The Joseph B. Martin Conference Center at Harvard Medical School, 
Boston, USA. Oral presentation. 
15. M.D. del Castillo, A. Iriondo-DeHond, N. Martinez-Saez, B. Fernández-
Gómez, M, Iriondo-DeHond, F. Velazquez-Escobar, J.R, Zhou. “Applications 
of recovered compounds in food products”. Fourth International Conference on 
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16. Cocoa Coffee and Tea. 25th - 28th June 2017. Centro Congressi Torino Incontra, 
Turin, Italy. Oral presentation. 
17. M. Iriondo-DeHond, A. Iriondo-DeHond, B. Fernández-Gómez, E. Miguel, M. 
D. del Castillo. “Sensory optimization of functional yogurts containing coffee 
byproducts as ingredients”. Fourth International Conference on Cocoa Coffee 
and Tea. 25th - 28th June 2017. Centro Congressi Torino Incontra, Turin, Italy. 
Poster. 
18. M. Iriondo-DeHond, A. Iriondo-DeHond, B. Fernández-Gómez, E. Miguel, M. 
D. del Castillo. “Optimización de la formulación y la calidad sensorial de nuevos 
lácteos funcionales”. Jornadas Científicas CIAL Fórum. 16th - 17th November 
2016. Research Institute of Food Science (CIAL, UAM-CSIC), Madrid, Spain. 
Poster.  
19. A. Iriondo-DeHond, A. Haza, A. Avalos, M.D. del Castillo, P. Morales. 
“Protective effects of coffee silverskin extract against benzo(a)pyrene induced 
DNA damage”. 20th International Conference of FFC - 8th International 
Symposium of ASFFBC: “Functional and Medical Foods for Chronic Diseases: 
Bioactive Compounds and Biomarkers”. 22nd -23th September 2016. The Joseph 
B. Martin Conference Center at Harvard Medical School, Boston, USA. Poster. 
20. A. Iriondo-DeHond, A. Haza, A. Avalos, M.D. del Castillo, P. Morales. 
“Evaluacion del efecto citotóxico y genotóxico del extracto de cascarilla de café 
en células HepG2”. 2nd Congreso Iberoamericano de Ingenieria de los 
Alimentos. 13th - 14th November 2016. Punta del Este, Uruguay. Poster.  
21. A. Iriondo-DeHond, A. Molina, M.D. del Castillo. “Potencial dermacéutico de 
extractos de café”. 7th International Symposium of Food Development and 
Innovation: "Challenges, progress and innovation in food processing", 7th - 9th 
October 2015. LATU, Montevideo, Uruguay. Poster. 
22. B. Fernández, C. Prieto, C. Marín, A. Revilla, A., A. Iriondo, C. González, F. 
González, I. Liste. “Generation of induced pluripotent stem cells (iPSCs) using 
non-viral vectors”. ESGCT and SETGyC Collaborative Congress. European 
Society of Gene and Cell Therapy and Sociedad Española de Terapia Génica y 
Celular. 25th -28th October 2013. Madrid. Poster. 
International programs 
Participation in the From Waste to Worth program by EIT FOOD (March – 
December 2019). The program consisted in the development of a food by-product 
database to contribute to the sustainability of the food industry. A. Iriondo-DeHond 
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worked together with other students from Spain to develop the database. The following 
activities were performed as part of the program: 
- One research stay in the University of Hohenheim, Germany, to work on the 
database development. 
- Seven-month involvement in the database development, collecting data 
from the interested companies. 
Supervision of undergraduate research 
2019 – Co-supervisor of the internship of Noah Bader-Fourney, “Development of 
healthy novel beverages from coffee cascara”, CSIC-OLESAY, University of Puget 
Sound, Washington, USA.  
2019 – Co-supervisor of the internship of Jennifer Ronderos, “Development of healthy 
novel beverages from coffee cascara”, CSIC-OLESAY, University of Florida, Florida, 
USA.  
2019 – Co-supervisor of the internship of Lucía Huertas Díaz, “Efecto de los compuestos 
bioactivos de subproductos del café en la nefrotoxicidad inducida por AGEs”, Degree in 
Bioquímica, Universidad Autónoma de Madrid, Spain.   
2019 – Co-supervisor of the final degree project of Marta López Parra, “Estudio in vitro 
del efecto de la malabsorción de fructosa en la absorción de triptófano”, Degree in 
Ciencias de la Alimentación, Universidad Autónoma de Madrid, Spain.   
2019 – Co-supervisor of the final degree project of Alina Dubodel, “Consumo de 
azúcares añadidos y actividad física en adolescentes escolarizados en el municipio de 
Tres Cantos”, Degree in Nutrición Humana y Dietética, Universidad Autónoma de 
Madrid, Spain.   
2019 – Co-supervisor of the Master’s Thesis of Sonia Baeza Labrador, “Bioaccesibilidad 
de los compuestos antioxidantes y antiinflamatorios de la cáscara de café y los 
ingredientes derivados”, Master in Innovación y Desarrollo de Alimentos de Calidad, 
Universidad de Castilla-La Mancha, Spain.   
2019 – Co-supervisor of the Master’s Thesis of Ana Sofía Elizondo, “Desarrollo y 
caracterización de una bebida instantánea, antioxidante y sostenible a base de extracto 
de cáscara de café”, Master in Nuevos Alimentos, Universidad Autónoma de Madrid, 
Spain.   
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2019 – Co-supervisor of the internship of Sonia Baeza Labrador, “Valorización de la 
cascarilla de café y de su fracción de alto peso molecular rica en melanoidinas”, Master 
in Innovación y Desarrollo de Alimentos de Calidad, Universidad de Castilla-La 
Mancha, Spain.   
2019 – Co-supervisor of the internship of Álvaro Gayo Medina, “Estudio de la tolerancia 
gastrointestinal de yogures ricos en fibra”, Degree in Nutrición Humana y Dietética, 
Universidad Autónoma de Madrid, Spain.   
2018 – Co-supervisor of the final degree project of Andrea Talasac Guerrero, “Efecto de 
compuestos fitoquímicos de café verde en la actividad de la alfa amilasa intestinal”, 
Degree in Ciencias de la Alimentación, Universidad Autónoma de Madrid, Spain.   
2018 – Co-supervisor of the final degree project of Paula Belotto Fernández, 
“Evaluación de la formación de productos de la reacción de Maillard derivados del 
triptófano simulando condiciones del lumen intestinal”, Degree in Ciencias de la 
Alimentación, Universidad Autónoma de Madrid, Spain.   
Training courses 
1. Course: "Ethics and social responsibility of research" given by the DEMOSPAZ 
Institute, from February 22nd to March 22nd, 2018 (10 hours). 
2. Course: "Advanced Methodology in Cellular Physiology" given by the University 
of Extremadura, 5 weeks, October of 2017 (on-line).  
3. Course: Obtaining Function B (Euthanasia of Animals) and Function C (Realization 
of Procedures) of animal experimentation. October, 2016. Recognized by the 
General Directorate of Agriculture and Livestock of the Community of Madrid on 
April 4, 2016 (Reference 10 / 069861.9 / 16 dated 08/04/2016). 
4. Course: Realization of 140 hours of practices to obtain the Training of the 
Community of Madrid to handle animals used, bred or supplied for experimental 
purposes and other scientific purposes, including teaching; in the Molecular Biology 
Center (CBMSO) supervised by Dr. Mª Dolores del Castillo in the framework of the 
authorized project with PROEX number 011/17. 
5. Course: “Calibration and verification of automatic pipettes”. May 2015. CIAL 
(UAM-CSIC). 
6. Seminar: “I Jornada para Doctorandos del CSIC”, Consejo Superior de 
Investigaciones Científicas. Madrid, Spain. 21st June, 2019.  
7. Seminar: “Communication and Scientific Dissemination”, Universidad Autónoma 
de Madrid. 15th January, 2019. 
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8. Seminar: "Jornada de iniciación a carreras profesionales para investigadores más 
allá del mundo académico". Departamento de Posgrado del CSIC. 14th November, 
2018. 
9. Seminar: “Día Mundial del Pan”, Pan Cada Día, Hotel Miguel Ángel, Madrid. 16th 
October, 2018.  
10. Seminar: “Introducción al diseño experimental para experimentos con animales de 
laboratorio” by Dr. Carlos Oscar Sánchez Sorzano, in Centro de Biología Molecular 
Severo Ochoa (CBMSO), Madrid, 31st May 2017 (2 hours). 
11. Seminar: “Consumo Sostenible de Café y Salud”, Townhall of Alcobendas, Madrid, 
5th May, 2016. 
12. Seminar: “Jornada formativa sobre Política de la Unión Europea en contaminantes 
de piensos y alimentos”, Colegio Oficial de Veterinarios de Madrid, 20th of April, 
2016. 
 Scientific transfer activities 
1. Participation in “Noche de los Investigadores” at Medialab Prado in Museo del 
Prado de Madrid. 27th of September 2019. Madrid, Spain.   
2. Teaching seminar “Bioaccesibility, metabolism, and excretion of lipids composing 
spent coffee grounds” at the Instituto de Investigación en Ciencias de la 
Alimentación (CIAL, UAM-CSIC). 13th of September 2019. Madrid, Spain.  
3. Teaching workshop “Descubriendo los beneficios para la salud de nuevas bebidas 
de café” for students from Campus Científicos de Verano of FECYT in the Annual 
Food Agenda Project of EIT Food. 15th and 22nd July 2019. Madrid, Spain.  
4. Participation in the “Campamento Urbano del Museo Nacional de Ciencias 
Naturales” in the Annual Food Agenda Project of the EIT Food Program. 11th and 
25th of July 2019. Madrid, Spain. (http://annualfoodagenda.com/event-
item/campamento-urbano-museo-de-verano/)  
5. Participation in the Pre-Contest Phase of "Three Minute Thesis" 2019, at the 
Universidad Autónoma de Madrid, Spain. May 30th, 2019 
6. Participation in Feria de Madrid por la Ciencia e Innovación 2019 in the Annual 
Food Agenda of the EIT Food Program. Madrid, Spain. 30th of March 2019. 
7. Participation in the “Día Internacional de la Mujer y la Niña en la Ciencia” with the 
activity of “Descubriendo los beneficios para la salud de nuevas bebidas de café” at 
the Instituto Rosa Chacel to students of the International Baccalaureate, Madrid, 
Spain. 15th February 2019. (https://www.cial.uam-csic.es/3359/biociencia-de-los-
alimentos-celebra-el-dia-de-la-mujer-y-la-nina-en-el-ciencia/)  
PhD training activities 
335 
 
8. Participation in the “Día Internacional de la Mujer y la Niña en la Ciencia” with the 
activity of “Descubriendo los beneficios para la salud de nuevas bebidas de café” at 
the Centro de Innovación Gastronómica, Madrid, Spain. 8th February 2019. 
(https://www.cial.uam-csic.es/3359/biociencia-de-los-alimentos-celebra-el-dia-de-
la-mujer-y-la-nina-en-el-ciencia/) 
9. Participation in “Semana de la Ciencia” with the activity of “¿Contienen azúcares 
las bebidas que más consumimos?”. 6th and 7th November 2018. CIAL (UAM-
CSIC), Madrid, Spain.  
10. Organization and speaker in the Summer Course “Descubre el Queso: 
Denominaciones de Origen y Análisis Sensorial” of the Universidad Rey Juan 
Carlos, Madrid, Spain. 29th June 2018. (https://uverano.urjc.es/20717/detail/cv-j-
deq.-descubre-el-queso-denominaciones-de-origen-y-analisis-sensorial.html)  
11. Participation in the “Día Internacional de la Mujer y la Niña en la Ciencia” 
presenting our research group in the Instituto Pintor Antonio López from Tres 
Cantos, Madrid, Spain (students from 2º ESO). 7th February 2018. 
12. Participation in the “Día Internacional de la Mujer y la Niña en la Ciencia” with the 
activity of “¿Contienen azúcares las bebidas que más consumimos?” in the Colegio 
Zola from Villafranca del Castillo, Madrid, Spain (students from 4º Primaria). 26th 
January 2018. 
13. Participation in “Día Internacional de la Seguridad Alimentaria” organized by 
ALCyTA giving the workshop of “Aditivos Alimentarios: Combatiendo la 
Quimiofobia y el Desconocimiento”, at Universidad Autónoma de Madrid, Sapin. 
17th November 2017.  
14. Participation in “Semana de la Ciencia” with the activity of “¿Contienen azúcares 
las bebidas que más consumimos?”. 14th and 15th November 2017. CIAL (UAM-
CSIC). Madrid, Spain. 
15. Participation in TV show “Devorando mitos”, in Comando Actualidad TVE. 1st of 
March 2017. Madrid, Spain. 
16. Participation in “Semana de la Ciencia” with the activity of “¿Contienen azúcares 
las bebidas que más consumimos?”. November 2015. CIAL (UAM-CSIC). Madrid, 
Spain. 
Social entrepreneurship 
(2017- present) Co-founder and secretary of the non-profit association “AlimentUS”, 
aiming to transfer scientific knowledge in Food Science and Nutrition to the general 
public. The association was founded by students from the Bioscience research group 
(CIAL-CSIC) and IMIDRA.
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“If I could tell you what it meant, there would be no point in dancing it” 
Isadora Duncan
 
 
 
  
